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|. Wire-Wound Resistors 
A resistor is a device used in electrical circuits for 


COATINGS FOR WIRE-WOUND RESISTORS* 


By Epwarp E. MARBAKERt 


ABSTRACT 


This paper describes the experimental work carried out by the O. Hommel Fellow- 
ship, Mellon Institute, under a contract made by the O. Hommel Company with the War 
Production Board, to develop a coating for wire-wound resistors which would pass the 
Grade 1, Class I qualification tests o. Army and Navy Specification JAN-R-26. An 
outline of the methods used, a general survey of the types of coatingconsidered, generali- 
zations concerning requirements, and conclusions are presented. 

The work included studies of the conventional enameled Nichrome-wound, steatite 
tube resistors which consisted of an investigation of the properties of tubes made from 
steatite and other ceramic bodies and the testing of vitreous enamels formulated for use 
as resistor coatings. 

When it became apparent that steatite tubes are not perfectly resistant to thermal 
shock and that the disparity among the expansivities of the component elements of this 
type of resistor is so great that the formulation of an enamel having satisfactury proper- 
ties is very difficult, if not impossible, an extended effort was made to develop a resistor 
in which the wire was wound on a pre-enameled steel core and then coated with a suitable 
cover-coat enamel. Considerable progress was made on the enamel-coating studies, 
but non-short-ci-cuiting terminals were found to be necessary and a completely satisfac- 
tory design was not worked out except for testing purposes. 

A resistor that fulfilled the requirements of resistance to thermal shock and moisture 
penetration was developed from a tube of zircon porcelain, wound with Kovar wire and 
coated with Pyrex-brand glass, the expansivities of all of which are low and within a rela- 
tively narrow range. Except for the fact that the wire used in this combination has too 
high a thermal coefficient of resistance, this type of resistor is capable of meeting the 
Grade 1, Class I specification. 

A recently developed silicone paste was applied to various types of tubes wound witha 
standard resistance wire fastened to copper tabs or to ferrules and cured at a maximum 
temperature of 375°C. This coating has a rubbery consistency and is not wet by water. 
Resistors coated with this material have fulfilled the requirements of Grade 1, Class { 
qualification tests. 


long periods of time. 


and not be influenced by temperature or humidity over 


While resistors are made in many forms, this investi- 


the purpose of decreasing the current under a given volt- 
age load. In the field of communications, the energy 
dissipation and the accuracy of resistance are the im- 
portant factors. The first of these qualities must be 
considered in order that the unit may not be damaged by 
overheating. The resistance must maintain its value 


* Forty-Seventh Annual Program, The American Ce- 
ramic Society, 1945 (Materials and Equipment Division, 
No. 16); presented before the Pittsburgh Local Section, 
June 12, 1945. Received August 1, 1945. 

The investigation described in this paper was carried 
out under the terms of a contract made by the O. Hommel 
Company with the War Production Board at the request 
of the Metals and Minerals Branch of the Office of Produc- 


gation was concerned with the type which consists of a 
ceramic tube or other insulating core on which is wound 
resistance wire. The ends of the wire are attached to 
terminals which may be in the form of ferrules or bands 
with tabs extending from them. Coatings of various 
kinds are applied to the wound tubes to protect the 


tion Research and Development, using the facilities of the 
O. Hommel Fellowship at Mellon Institute. This com- 
munication is published with permission of the Metals and 
Minerals Branch, Office of Production Research and De- 
velopment of the War Production Board. 

+ The author is Senior Fellow, Mellon Institute of Indus- 
trial Research, and was investigator on Research Project 
OPRD-483. 
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Fic. 1.—Power supply unit and testing cage. 


wire from mechanical harm and from the attack of 
moisture and other chemical influences. The coating 
obviously affects the heat dissipation characteristics of 
the resistor. 

Wire-wound resistors used in Army and Navy com- 
munications equipment must operate at relatively high 
temperatures and the wire must be protected against 
corrosion caused by the action of moisture. The per- 
formance requirements are set forth in a series of simu- 
lative qualification tests embodied in the official Army 
and Navy Specification JAN-R-26 and its amendments. 
These tests are based on the determination of resistance 
to thermal shock and subsequent penetration of mois- 
ture. Resistors designed to be ‘‘most resistant to salt- 
water immersion following thermal shock in water” 
and to be ‘‘suitable for continuous operation at a maxi- 
mum temperature of 275°C.” are classified as Grade 1, 
Class I. 

Most commercially produced enameled resistors have 
neither qualified under the tests specified for their 
evaluation nor has their performance in practical opera- 
tions been satisfactory as shown by the number of re- 
placements required which is almost astronomical. 

Breakdown of the enamel coating in thermal shock 
has been considered generally to be the principal cause 
of resistor failures, although it was suspected at the 
outset that the ceramic tubes upon which the resistance 
wire is wound might also be subject to failure under the 
same conditions. 

The objectives of this investigation were (1) to deter- 
mine the possibility of producing a vitreous enameled 
resistor capable of passing the Grade 1, Class I qualifi- 
cation tests and (2) to develop a coating of some other 
material which will pass the tests. 

The resistor used for the investigation of coatings 
consisted chiefly of ceramic tubes, 8°/s in. long and 
1*/s in. outside diameter, equipped with '/,-in. copper 
terminal bands and tabs, on which was wound a length 
of 2.5-mil resistance wire sufficient to give a resistance 
of 50,000 ohms. Such resistors dissipate 120 to 125 
watts and reach 275°C. when operated at a potential of 
approximately 2500 volts. 
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ll. Testing Methods 
(1y Navy Thermal-Shock and Salt-Water Immersion 
est 


The method of test is described in specification JAN— 
R-26 under F-10a-thermal shock and F-1lla, b, c- 
salt-water immersion cycling. 

In the test for resistance to thermal shock, the resistor 
is heated electrically (Fig. 1) at its rated wattage or to 
a hot-spot temperature of 275°C. (for a 50,000-ohm 
resistor, the conditions are 2500 volts, 0.05 ampere, 125 
watts) until the temperature is constant (30 to 45 
minutes) and then im- 
mersed in water at 0°C. 
After one minute, the re- 
sistor is dried and again 
placed in the power cir- 
cuit and the same volt- 
age is applied for two 
hours. The resistor is 
immersed for an hour 
successively in two baths 
of saturated salt water 
(Fig. 2), one at 100°C. 
and the other at 0°C. 
and then removed from 
the cold bath, washed 
thoroughly to remove adhering salt water, dried, and 
replaced in the power circuit for two hours. If the re- 
sistance, measured hot by the voltmeter-ammeter 
method, shows no change beyond +10% of the 
initial resistance, the resistor is considered to have 
passed one cycle. The cycling process is repeated until 
the resistor fails or until nine cycles have been 
completed. 


Fic. 2.—Immersion of resis- 
tors in salt water. 


Volt-Ohmmeter Test 


(2) 


A simple but useful test was devised for the examina- 
tion of resistor coatings. A lead of the volt-ohmmeter 
is attached to one terminal of the resistor. The other 
lead has attached to it a prod over which a camel’s hair 
brush is mounted; this brush is dipped in salt water 
and traversed over the surface of the enamel. Whena 
craze, pinhole, or other opening in the enamel is touched, 
the salt water penetrates to the wire and establishes a 
circuit which causes a deflection of the needle of the 
instrument. This deflection is evidence of what is 
called throughout this discussion electrical leakage. 
This test was used in evaluating the enamel coatings 
rather than the Navy salt-water immersion test be- 
cause the latter gives less immediate results. 

It was thought that if salt water can enter a coating, 
as shown by the volt-ohmmeter, no chance of passing 
the immersion test will exist. This reasoning may not 
be strictly correct because the actual corrosion of the 
wire which leads to resistor failure depends on the 
quantity of salt water and the time of contact with the 
wire. Thus an enamel which shows electrical leakage 
may protect the resistance wire sufficiently to enable 
the resistor to survive several cycles of the salt-water 
immersion test. 
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(3) Tests on Ceramic Tubes Pe ye 
(A) Porosity: The water absorption was deter- 


mined by weighing the dry tube or fragments of the 
body, boiling in water under the special conditions 
described in paragraph 13-8 of Navy Specification RE 
13A 372J, drying, and reweighing. As the specified 
water absorption of ceramic tubes is 0.1% or less, this 
method cannot be applied with very great accuracy. 

Water absorption 
was determined more 
directly by using the 
Howatt porosimeter 
(Fig. 3) with a solution 
of fuchsine in aqueous 
alcohol. : 

(B) Transverse 
Strength: A 20,000-Ib. 
Amsler universal tester 
was employed for 
strength tests. 

(C) Coefficient of 
Expansion: The home- 
made quartz dilatom- 
eter (Fig. 4) was used 
for a large number of 
determinations of ex- 
pansivity of tubes and 
enamels. Some of the 
results were checked 
with an interferometer. 

(D) Thermal-Shock 
Resistance: Resistance 
to thermal shock was 
determined directly by 
heating tubes in a fur- 
nace at 275°C. for 30 
minutes and_ then 
plunging them into ice 
water (0°C.). After 
drying, the tubes were 
inked (in some cases 
the porosimeter was 
used) to disclose crack 
ing or crackling. 

Enamel coatings on 
both unwound and 
wound tubes were also 
tested by direct heat shock followed by microscopic ex- 
amination and the test for electrical leakage. Doubt- 
less some difference in the extent and distribution of 
strains is produced by the even furnace heating as com- 
pared, in the case of resistor units, with heating in an elec- 
trical circuit according to the provisions of the Navy test. 


Fic. 3.—Howatt porosimeter. 


(1) Coatings for Resistors Cored with Ceramic Tubes 


The enamel coatings of commercial resistors from 
several sources were examined under a low-power 
microscope and tested by the use of the volt-ohmmeter. 
Some of the enamels were crazed indicating that they 
had not withstood the thermal shock occurring when the 


Vitreous Enamel Coatings 


(1945 


Fic. 4.—Dilatometer. 


resistors were taken from the enameling furnace. 
Crazing developed in other enamels when the resistors 
were given a thermal shock from 275° to0°C. Ina 
few cases, crazing did not appear after thermal shock, 
but electrical leakage was detected with the volt- 
ohmmeter. Pinholing and cracking of the enamel at 
the terminals were also observed. 

The problem of producing an enamel that would show 
none of these defects was attacked by making use of the 
well-known fact that the behavior of a glaze on a ce- 
ramic body depends on the relationship between the 
respective coefficients of expansion. If the glaze has 
the higher expansivity it will be in tension and will 
tend to craze even at room temperature. If its expan- 
sivity is somewhat lower than that of the body, it will 
be in compression and no crazing will appear. When, 
however, the expansivity of the glaze is too much less 
than that of the body, the high degree of compression 
will cause peeling, a condition which has much the same 
appearance as crazing and which is no less deleterious. 
The expansivity must, therefore, match that of the re- 
sistor tube within such narrow limits that neither crazing 
nor peeling will occur even under severe thermal shock. 

The tendency of a glaze to craze or peel is also in- 
fluenced by its elasticity, tensile strength, and thermal 
conductivity, but these properties are more difficult 
to control than expansivity. 

No serious problem was encountered in fitting to 
steatite tubes glazes which withstood thermal shock 
without crazing or peeling, but when the same glaze 
was fired on a tube wound with 2.5-mil Nichrome wire 
with the turns closely spaced (200 turns per in.), the 
adherence was poor and peeling occurred. Under 
these conditions, the enamel has little opportunity to 
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come in contact with the tube, and the relation between 
the expansivities of the wire and the enamel becomes 
important. 

The expansivity of Nichrome wire is 17 X 10~* and 
of steatite, 8 X 10~®; it is quite evident, therefore, that 
an enamel formulated to fit the tube will definitely not 
fit the wire and some sort of compromise must be ef- 
fected. This problem is less difficult when larger wire 
more widely spaced can be used because the enamel 
can then adhere to the tube and form an envelope for 
the wire. Thus is explained the fact that small resis- 
tors are more likely to give satisfactory results than 
larger ones and that it is considered difficult to make a 
good 50,000-ohm unit. 

The solubility of enamel coatings must be considered, 
especially in relation to the immersion test in which the 
hours of soaking in hot and cold salt water may cause 
honeycombing and consequent leakage. 

(A) Behavior of Wire During Enameling: During 
the firing of a standard resistor, because of the differen- 
tial expansion, the Nichrome wire expands away from 
the steatite tube to a distance of about 0.004 in. 

The wire, now unsupported, is wet by the melting 
enamel and, because of the surface tension, groups of 
several turns of wire are pulled together leaving greater 
or smaller areas of the tube bare, a condition that neces- 
sitates the addition of two or more coats of enamel. 
This phenomenon is called “bunching’’ or ‘‘floating.”’ 
The individual turns of wire are usually well insulated 
by the enamel, but when they are not, bunching will 
cause local short-circuiting and a change in the resist- 
ance of the unit. 

The results of many attempts to overcome bunching 
by pre-enameling tubes, the application of clay washes, 
and changes in enamel composition led to the conclu- 
sion that the most efficacious remedy is to reduce the 
differential expansion of wire and tube. The phe- 
nomenon cccurs to a lesser extent when the coefficients 
of expansion of the two elements are more nearly equal. 
Kanthal D wire, for instance, having an expansion 
coefficient of 12 xX 10~*, when wound on steatite 
tubes shows little or no bunching during the enameling 
process. 

(B) Behavior of Ceramic Tubes During Enameling: 
Steatite and electrical porcelain tubes invariably 
‘crackle’ in the thermal-shock test (Fig. 5). The 
area inclosed by the fine boundaries increases as the 
coefficient of expansion of the body decreases; steatite 
thus shows more and smaller areas than electrical porce- 
lain (6 X 10~*). Incidental to crackling, the strength 
of the tube decreases and the water absorption increases. 
Repeated thermal shock results eventually in actual 
cracking. Many instances of cracking of enameled 
tubes in firing or in cooling after removal from the fur- 
nace have been observed. This condition may be 
caused by inherent weakness of the tube but more often 
by an improperly fitting enamel, especially when the 
enamel is in tension. It seemed reasonable to con- 
sider that the enamel coating might be affected ad- 
versely by crackling of the tube. If a resistor tube is 
porous or has failed by crackling or cracking, moisture 
can penetrate through the tube walls during the im- 
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Porcelain Steatite 


Fic. 5.—Crackling of tubes in thermal shock. 


mersion test and the wire will fail by corrosion from the 
inside. A cracked or porous tube can be quite as 
detrimental to resistor performance as a defective 
enamel coating. 

Tubes of other ceramic bodies having lower expan- 
sivity than steatite and electrical porcelain were used 
experimentally to take advantage of the rule that the 
inherent resistance to thermal shock improves as the 
expansivity decreases. Unfortunately, when the tubes 
were wound with Nichrome wire, the difference between 
the coefficients of expansion became greater and more 
bunching of the wire was encountered. This condition, 
of course, was improved when wire of somewhat lower 
expansivity was used. 

Some difficulty was encountered in the development 
of an enamel to fit a resistor having a tube of low ex- 
pansivity. It was found possible to enamel zircon 
porcelain tubes having a coefficient of expansion of 4.5 
xX 10~*, but it was practically impossible to find an 
enamel of sufficiently low expansivity to fit a cordierite 
tube with an expansivity of 3.5 & 10~°. 

(C) Reststor Enamel Frits: A considerable number 
of lead, soda, and lithia base enamels, covering a rela- 
tively wide range of expansivity, were formulated. The 
compositions were smelted and fritted, and enameling 
slips were prepared by conventional methods. The 
slips were applied, by dipping, to tubes, wound or 
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unwound, usually in two coats, but sometimes three. 
The firing temperatures varied from 1500° to 1550°F. 
and were held for three to ten minutes. The tempera- 
ture range, high compared with that necessary 
for firing commercial resistor enamels, was employed 
because the enamels were harder and tests indicated 
an improved stability. 

The best experimental resistors were made by coating 
Nichrome-wound steatite tubes with enamels made 
from frits R 11183 B and F 11303 A, which were formu- 
lated as follows: 


Frit composition (%) 


R 11183 B R 11303 A 

PbO 59.52 PbO 31.09 
Na,O 0.69 NaF 1:21 
K,O 1.59 CaF, 24 
CaO 0.80 ZnO 2.35 
MgO 0.60 MgO 1.16 
Al,O; 2.81 BaO 4.44 
B.O; 6.53 2.97 
SiO, 26.96 B,O; 20.19 
CoO 0.50 SiO, 33.92 
CoO 0.43 

100.00 100.00 

Coefficient of expansion 
(calculated) 10.00 X 10-* 6.86 1076 


Observed, dilatometer 7.65 
Observed, interferometer 7.86 6.18 
7.68 


(D) Mull Additions: Several mill additions were 
used, of which four gave the best results with the frits 
in question. It would be difficult to d.fferentiate them 
accurately without further study. 


A B Cc D 
Frit 100 100 100 100 
Enameler’s clay, 3.00 3.00 3.00 6.00 
Bentonite 0.50 
Nickel oxide 0.50 0.50 0.50 
Iron oxide 0.50 
Chromium oxide 0.50 0.50 0.50 
Zircon 10.00 10.00 10.00 
Sodium nitrite 0.25 0.25 0.25 0.25 
Water 35.00 35.00 35.00 35.00 


The enamels resulting from firing these slips, used 
singly or in blends, showed no surface defects. On 
tubes alone, no crazing or peeling appeared after three 
cycles of thermal shock from 275° to 0°C. Resistors, 
however, showed slight electrical leakage after one cycle, 
and, in this respect, these enamels were better than anv 
of the commercial enamels tested. 

It seems probable that the experimental resistors 
might have survived more cycles of thermal shock had 
the tests been carried out in accordance with the meth- 
ods of the Specification, that is, by electrical instead of 
oven heating to 275°C., but it is not likely that thev 
would have met the requirements for Grade 1, Class | 
resistors. 

It was concluded that the possibility of developing 
an enamel having the properties of expansivity and elas- 
ticity necessary for coating at the same time Nichrome 
wire of high expansivity and a steatite tube of much 
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lower expansivity, was remote, and time was not avail- 
able for further study. 

The alternative was to seek resistor elements of more 
closely agreeing expansivities. A series of experiments 
was carried out using tubes and wire of high expansiv- 
ity and another series in which tubes of low expansivity 
were wound with Kovar wire which also has a low coef- 
ficient of expansion. 


(2) For Resistors Cored with Pre-Enameled Steel 
ubes 


As far as is known, any ceramic body having a coef- 
ficient of expansion higher than that of steatite will have 
still less resistance to thermal shock, a limitation which 
precluded further investigation in that direction. The 
coefficients of expansion of steel and copper are of the 
same order as that of Nichrome wire, and these metals 
can be enameled readily. The strength, lack of mois- 
ture absorption, and freedom from deterioration by 
thermal shock possessed by metals appeared to be de- 
cidedly advantageous. It was planned to use welded 
steel tubes of standard resistor dimensions and to 
enamel them to provide the required electrical insula- 
tion between wire and metal. 

Two objections to the use of pre-enameled steel tubes 
appeared, namely, (1) electrical complications arising 
from the passage of a current through the coil of re- 
sistance wire wound on a magnetic conductor, 
even though the latter were well insulated by an enamel 
coating and (2) the difficulty of winding wire on the 
smooth enameled surface. The first of these problems 
was discussed with competent electrical engineers. 
The consensus was that resistors of this type can be used 
satisfactorily with direct current in 75% of military 
applications, but probably not with alternating cur- 
rents, especially those of high frequency. It was 
considered an advantage that steel tube resistors can 
be tabbed and tapped. 

(A) Ground-Coat Enamel: The question of the 
dielectric strength of the ground-coat enamel used as 
the insulator* was settled by tests made at the Fort 
Monmouth Signal Laboratory, the results of which indi- 
cated a breakdown voltage of the 7700 to 7900 volts 
for thicknesses approximating 10 mils. Since Grade 1, 
Class I resistors are not generally tested above 
2500 volts and the usual thickness of coating is 10 to 
12 mils, the dielectric strength of the enamel seemed to 
be sufficiently high. It was also ascertained at the out- 
set that the ground-coat enamel was not affected by 
nine cycles of thermal shock from 275° to 0°C. 

(B) Winding: No difficulty was encountered in 
winding the resistance wire on the smooth surface of 
the enameled tubes. In the earlier stages of the work, 
Nichrome wire was used as the resistance winding. 
As expected, the difference in expansivity was so re 
duced (tube approx. 13 X 107°, wire 17 X 10~®) that 
little, if any, bunching took place. Later, a few ex 
perimental tubes were wound with Kanthal D wire 
(13 X 10~-*) and no bunching was observed. This 


* Commercial ground coat produced by the O. Hommel 
Company. 
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was good evidence that wire bunching arises from too 
great difference between the expansivities of tube and 
wire. 

(C) Cover-Coat Enamels: Most of the steel tube 
(expansion 13 X 10~®) resistors were coated with two 
coats of enamel made from a base frit (R 12173 A) 
having the composition given here. 


Mill addition 
Na:O 6.56 Frit 100.0 
K,O 2.30 Clay 6.0 
PbO 44.70 Bentonite 0.5 
CoO 1.20 Nickel oxide 0.5 
Al,O; 8.18 Chromium oxide 0.5 
SiO, 37.06 Zircon 10.0 
Sodium nitrite 0.25 
100.00 Water 45. 

Expansion 

(calculated) 11.61 X 10-* Fineness 5 gm./200 
Expansion 

(observed) 9.5 X10-* Firingtemp. 1520° 10 min. 


This enamel showed no electrical leakage after seven 
cycles of thermal shock (oven heating) from 275° to 
0°C. Several other enamels were formulated and 
tested, but in practically all cases the results were about 
the same or less satisfactory than those obtained with 
R 12173 A and its variations. Enamel failures were 
generally shown by peeling as the result of thermal 
shock. Adherence of the enamel to the wire was en- 
tirely lacking as indicated by the bright appearance of 
the wire after the enamel had peeled. Most of the ex- 
perimentation was carried out to make an enamel with 
a coefficient of expansion that would prevent peeling. 
It appeared, however, that expansivity is not the only 
controlling factor, elasticity evidently being a very 
important property of the enamel but much more dif- 
ficult to attain. 

(D) Terminal Design: On the first pre-enameled 
steel tubes, copper tabs of the conventional band type 
were used. The wire winding was attached to the tabs 
in the usual manner. The cover-coat enamel was then 
applied by dipping and fired. Two coats of enamel 
were generally applied. Some peeling of the enamel 
from the bands took place, which was attributed to dif- 
ferential expansion, the copper having an expansivity 
of 16 X 10~®, but it was probably due, as in the case 
of peeling from the wire, to poor adherence, and this 
may have been caused by some deficiency in the enamel 
composition. With bands of steel (11.4 xX 107), 
no better results were obtained. It was found that 
ground coat can be satisfactorily applied to the steel 
bands before placing them on the resistor tubes, and 
the cover-coat enamel adhered to these so well that much 
less peeling under thermal shock occurred. 

A defect of major importance was discovered in that 
the terminal band tended to be short-circuited to the 
tube, rendering the resistor useless because the tube, 
rather than the resistance wire, carried the current. It 
was thought at first that, because of differential expan- 
sion, the band had been pulled through the ground coat 
so that direct contact with the tube had been estab- 
lished. In order to determine whether or not the re- 
sistance wire might behave similarly, a ground-coated 
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tube was wound, and, without cover coat, fired under 
the usual conditions. The wire was glazed and no 
wire bunching occurred. The resistor, moreover, 
showed no electrical leakage. When the wire was re- 
moved, it left a bright track in the enamel, and still no 
electrical leakage was observed, and therefore no short- 
circuiting between wire and tube had taken place. 
When, however, the bands were removed, an oxidized 
layer was found, black in the case of iron and red in the 
case of copper, badly pitted, and, for that reason, con- 
ductive when moistened with salt solution. 

A number of experimental terminals were designed 
to prevent the entrance of moisture and any possible 
contact between terminal and tube, but none of them 
worked perfectly; however, by coating the ordinary 
band terminal with a phenolic resin cement, the pene- 
tration of moisture was prevented. This cement, un- 
fortunately, could not withstand the required operating 
temperature of 275°C. 

A method, satisfactory for electrical testing if not 
for the salt-water immersion test, of attaching the wire 
ends to the terminal bands was devised. The pre- 
enameled tube was wound without bands and then 
enameled. The ends of the wire were embedded in 
silver lacquer, and the copper bands were fastened to 
the tube so that contact was established through the 
silver to the wire. 

Two resistors of this construction were tested at the 
Naval Research Laboratory but both failed by break- 
down of the ground-coat enamel at 1250 volts. 

Further study substantiated the fact that the ground 
coat possesses inherently more than adequate dielectric 
strength but that its application to the tubes must be 
perfect. The presence of even one pinhole is fatal. It 
became standard procedure to test all ground-coated 
tubes at 1250 volts in the power circuit and to wind 
none that did not survive that test. Many steel tube 
resistors were made and tested in the power circuit 
with the conclusion that resistors of less than 50,000 
ohms, because less voltage is imposed, can be heated to 
275°C. without electrical failure. The cover-coat 
enamels, however, generally peeled in the subsequent 
thermal shock when the hot resistor was plunged into 
ice water. Many tests were made, but only in one 
case did the resistor withstand three cycles of thermal 
shock from the hot-spot temperature, 275°, to 0°C. 
Several resistors survived two cycles. Since some early 
resistors survived many more cycles of thermal shock 
after furnace heating to 275°C., it follows that stresses 
set up during heating in the power test are much more 
severe. The enamels appeared to have too little ad- 
herence, insufficient elasticity, and tensile strength, 
even when the coefficient of expansion was of the 
correct order. 

This problem was in process of solution when the 
work had to be terminated, and it is believed that a 
satisfactory steel tube resistor is a distinct possibility. 


(3) Resistor of Low-Expansion Elements 


Ceramic bodies of lower expansivity, such as electri- 
cal porcelain (5 to 6 X 10~§), zircon porcelain (4.3 X 
10~*), and cordierite (3.0 to 3.5 X 107‘), show less 
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Fic. 6.—Glass-coated Kovar-wound resistors; passed 9 
cycles. 


tendency to crackle under thermal shock as the ex- 
pansivity decreases. A good resistor might result from 
the use of cordierite cores, but the successful develop- 
ment of an enamel of lower expansivity seems highly 
improbable, and if bunching of Nichrome resistance 
wire (17 X 107) is serious on steatite tubes, it 
would be much worse on any of the tubes of lower 
expansivity. A compromise was sought by winding 
Kovar wire (6 X 10~®) on zircon porcelain tubes, using 
a specially designed Kovar terminal (Fig. 6). Since 
Kovar is used principally in applications requiring glass 
seals, a glass coating for resistors wound with wire of 
this alloy immediately suggested itself. Corning Glass 
FN 705 (5.0 X 10~§), supplied especially for use with 
Kovar, was first made into a slip with 3% enameling 
clay and 0.25% sodium nitrite and tried as a coating, 
but it crazed after firing. This was thought to be due 
to the fact that while the glass matches the wire in 
expansivity, it is too high for the zircon porcelain 
tube body. This reasoning was substantiated when 
the coating showed no crazing when fired at 1600°F. 
for 5 minutes or at 1520°F. for 8 minutes on Kovar- 
wound electrical porcelain tubes. 

Pyrex-brand glass has a coefficient of expansion of 
3.15 X 10~®, and when ball milled with clay, it forms a 
workable slip. Applied to low-expansion tubes and 
fired at 1600°F. for 5 minutes, it crazed on cordierite 
in thermal shock but remained intact on zircon porce- 
lain. An intensive effort, therefore, was made to de- 
velop a resistor consisting of Kovar wire wound on a 
zircon porcelain tube and coated with a glaze made 
from Pyrex-brand glass. 

A considerable number of resistors of this type were 
made. Their appearance was excellent, and the trans- 
parent coating revealed the absence of wire bunching. 
The principal difficulty with the glaze was that occasion- 
ally slight pinholing occurred and this caused electrical 
leakage. Many resistors, however, were glazed success- 
fully, and some of these were subjected to the ther- 
mal-shock test using oven heat; most of them were in- 
tact after the prescribed nine cycles. A few of these 
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resistors, made by a relatively inexperienced laboratory 
assistant, were heated at rated wattage (and higher) 
in the power circuit and then plunged into ice water. 
These resistors also showed no electrical leakage after 
nine cycles of thermal shock and therefore might be ex- 
pected to pass the Grade 1, Class I qualification tests 
in this respect. Actually, two 6-in. resistors were tested 
at the Naval Research Laboratory and both passed 
nine cycles of the salt-water immersion test (Fig. 6). 

Kovar wire, unfortunately, has a low resistivity and, 
in common with all alloys of low thermal expansion, it 
has a high thermal coefficient of resistance (0.040% 
per °C.). The upper limit allowed by the Navy specifi- 
cation is 0.026% per °C. For these reasons, although 
this type of resistor has excellent thermal properties, it 
is not acceptable to the Navy. 

An unsuccessful effort was made to find a low-expan- 
sion alloy having a sufficiently low thermal coefficient 
of resistance. Just as the thermal coefficient of expan- 
sion of ceramic bodies is related to the resistance to 
thermal shock, so is the same property in resistance 
alloys related to the thermal coefficient, and both in 
the wrong direction from the standpoint of resistor de- 
velopment. 


(4) Recapitulation 

As the result of the work with steel tubes and Ni- 
chrome wire and zircon porcelain tubes with Kovar 
wire, one outstanding conclusion is that, to produce a 
Grade 1, Class I resistor, elements with expansivities 
varying in a relatively narrow range are necessary. If 
a high-expansion tube having a high degree of resistance 
to thermal shock or a resistance wire having a low coef 
ficient of thermal expansion and a low thermal coef- 
ficient of resistance can be found, the production of a 
satisfactory resistor should be accomplished without 
too great difficulty. The pre-enameled steel tube ful- 
fills the first condition, but a ceramic tube having the 
specified properties would be better because of its in 
herent insulating properties. 


IV. Silicone Coatings 
(1) Nature and Properties 


The silicones constitute a new class of compounds 
comparable in many respects to the organic plastics, 
which are polymerized ring or chain structures built 
around carbon atoms. In the silicones, the central 
atoms are silicon and with them are combined the oxy- 
gen and organic groups which give the compounds their 
special properties. These compounds after polymeriza- 
tion have a high degree of thermal stability as evidenced 
by the fact that they are unaffected by operating tem- 
peratures as high as 300°C. and as low as —40°C. 
After curing, the silicone used in this work is very elas- 
tic, and in many respects resembles rubber. It is quite 
impervious to water; in fact, water does not wet it; it 
is chemically inert; and it possesses a high dielectric 
strength. Because of this combination of properties, 
it appeared that this silicone might advantageously be 
used as a resistor coating. 
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(2) General Results of Experiments 

Working cooperatively with the Multiple Fellowship 
sustained in Mellon Institute by Corning Glass Works 
which, under the leadership of McGregor,* was re- 
sponsible to a considerable degree for the development 
of the silicone used in this work,+ a large number of 
resistors were produced and tested. Before curing, 
this silicone has the appearance and consistency of 
heavy white paint. As such, it can be easily applied 
to tubes wound with resistance wire. Its heat-treat- 
ment or curing is accc mplished by the use of tempera- 
tures from 250° to 375°C. over commercially feasible 
time intervals. After curing, the coating is smooth, 
free from tackiness, and relatively hard, although the 
hardness is much less than that of enamel and some care 
in handling is necessary to avoid abrasion. The first 
experimental resistors showed a high degree of resistance 
to thermal shock, and, in a short time, several resistors 
were produced which passed nine cycles of the thermal- 
shock test of the Navy specification. 

It was stated in reference to enamel coatings that 
expansivity is important, and it was regretted that the 
elasticity can be varied within only narrow limits. The 
expansivity of the silicone resin by contrast is very 
high (160  10~®), but this property is not significant 
because the elasticity is also of a high order, so much 
so that it is independent of the expansivities of tube, 
wire, and terminals as used in resistor construction. At 
the lower curing temperatures, moreover, wire bunching 
does not occur to any appreciable extent even where 
Nichrome wire is wound on cordierite tubes, a combina- 
tion which represents a wide difference in expansivity. 

In the prosecution of the work with the silicones 
after the preliminary experiments, all units were made 
by winding 2.5-mil Nichrome wire on tubes 8*/s in. 
long and |',, in. outside diameter in order to have a 
resistance of 50,000 ohms, the standard for test under 
Specification JAN-R-26. 


(3) Application of the Silicone to Resistors 

Unless great care is taken to apply the silicone paste 
in thin coats, blistering will take place during curing. 
This conci.icon was made apparent in earlier trials 
when paste was applied in one thick coat, which was 
inclosed with a band of glass tape and in turn held in 
place during curing by fastening tightly around it a 
sleeve made of brass shim sheet. After curing, the 
sleeve was removed. Several resistors, tested in the 
power unit, failed quickly owing to salt-water penetra- 
tion into the blisters which had formed under the glass 
cloth. 

(A) Dipping: Following the conventional pro- 
cedure of enameled-resistor manufacture, the first 
satisfactory resistors were made by dipping the wound 
tubes in a slurry containing 45% paste in carbon 
tetrachloride. Four coats were applied, and, after 
each coat, 1'/, to 3 hours were allowed for the evapora- 
tion of solvent. Forced evaporation by heating caused 


* R. R. McGregor, Corning Glass Works Senior Fellow 


at Mellon Institute. 
t Dow-Corning Silastic SC-75. 
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pinholing. Each of the first three coats was then cured 
separately by heating at 250°C. for 3 hours in an oven. 
The fourth coat was cured at 250°C. for 16 hours. 

The cured dipped coating is soft and rubbery and 
practically free from tackiness. The intermediate coats 
were not cured completely in the time allotted, but such 
tackiness as remained did not interfer with the applica- 
tion of the subsequent coat. 

This method produces a final coating which is excel- 
lent from the standpoint of wire protection but it is 
rather easily abraded. Six of these resistors were 
given the thermal-shock tests of Specification JAN-R- 
26 and four of them passed nine cycles. Of the two 
that failed, one went through six cycles and the other, 
four. It was later ascertained that these failures were 
not attributable to any defect of the coating. 

(B) Rubbing: The dipping process is time-con- 
suming, and it requires considerable amounts of ma- 
terial and careful control of the viscosity of the slurry. 
Since this silicone has a paintlike consistency, it can be 
rubbed out evenly over the wire without too much ef- 
fort. Four thin coats were applied in all cases, each 
being cured separately. One coat is insufficient to pro- 
tect the wire completely, two coats are not quite satis- 
factory, three coats are adequate, but the fourth coat 
was added to correct any possible unevenness in thick- 
ness. 

It has been found good practice to bevel the edges of 
the bands, to apply the silicone to them before placing 
them on the tubes, and to bake it at 250°C. for one hour 
or at 400°C. for 4 minutes before winding. 

More than 250 resistors were coated by this method 
with satisfactory results. Compared with the dipping 
method, it is more economical from the standpoint of 
time and material. Dipped coatings were 15 to 18 
mils thick and weighed about 30 gm., while rubbed 
coatings, 8 to 10 mils thick, averaged about 8 gm. 
The rubbed coating, while still not completely resistant 
to abrasion, was much harder than the dipped coating. 

(C) Curing: After application to a resistor, the resin 
layer resembled a coat of wet paint and did not dry at 
room temperature, and it was therefore necessary to 
work in a room free from dirt and dust. In curing, the 
coating behaved like paint in drying. It went through 
a tacky stage, the tackiness decreasing with increase of 
time until the completely cured resin was dry and rela- 
tively hard. It was found that intermediate coats 
need not be completely free from tackiness and therefore 
their curing time was shorter than that of the final coat. 

In draw trials carried out at 250°C., tackiness was 
barely perceptible after heating for 6 to 9 hours, and it 
disappeared completely in 10 hours. It should be men- 
tioned here that the resistors made in the laboratory 
have been cured as follows: the first three coats at 
250°C. for one hour, and the last coat at 250°C. for 16 
hours. The last step of this schedule covers an overnight 
period which was used only for convenience. 

The effect of higher curing temperatures was studied. 
Heated at 325°, 350°, 375°, and 400°C. for one hour, 
the best result was obtained at 350°C. Above 400°, 
the coating appeared to lose its rubbery resiliency and 
its surface became somewhat powdery, but this condi- 
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Fig. 7—Properly cured silicone coating not wet by water. 


tion had little or no effect on its water repellency. 

It was observed that the heating of resistors on test 
in the power circuit ad the effect of hardening the 
coating. A few experiments were therefore carried 
out to determine the possibility of curing the coat- 
ings electrically. The standard 2500-volt potential 
was used, and this brought the temperature in the mid- 
dle of the resistor to approximately 275°C. Slight 
tackiness was present at the end of 20 minutes, but the 
coating was completely dry in 40 minutes except over 
the copper terminal bands where it was still tacky after 
12 hours. This condition is attributed to the fact that 
the ends of the resistor are necessarily at a lower temper- 
ature. The results, however, indicate that direct elec- 
trical heating properly applied Would be very effective. 

The curing of coatings in enamel-firing equipment 
in commercial operation was considered. Furnaces of 
two types are in general use. Since the box-type fur- 
nace closely resembles the oven and the furnace that 
were used in the present work, it appeared that it might 
be used without difficulty by merely setting it for the 
proper curing temperature. The continuous furnace 
offers a more serious problem because the speed of the 
conveyer belt, the nature of the thermostatic control, 
and the position of the thermocouple with respect to 
the moving load must be taken into account. A dif- 
ferent curing schedule will probably have to be worked 
out for each continuous furnace, although theoretically 
it will be necessary only to control the temperature and 
time in the hot zone of the furnace. The problem is 
simplified by the fact that coatings can be cured at 
temperatures higher than those used in making resistors 
in the laboratory and in less time. 

In order to obtain some idea of the adjustments neces- 
sary in using the continuous furnace, experimental 
work was carried out in a resistor plant. It happened 
that the temperature could not be measured accurately 
nor could the conveyer speed be reduced easily to less 
than that permitting a 17-minute exposure to the high- 
est temperature. The intermediate coats could be 
cured sufficiently in 17 minutes at an indicated temper- 
ature of 375°C., but these coats were still somewhat 
tacky. Increasing the temperature to 425° resulted 
in complete curing; in fact, the coating appeared to 
have lost some of its rubbery characteristics. Unfor- 
tunately insufficient time was available to complete 
the study, but enough information was obtained to 
show that the continuous furnace can be satisfactorily 
used if the necessary changes are made in its operation. 

Further studies were made using the laboratory fur- 
nace, holding the time constant at 15 minutes, and 
varying the temperature. Tubes coated with the sili- 


ecne were heated at 300°, 325°, 350°, 375°, and 400°C. 
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effect of differential 


Fic. 8.—Cracked silicone coatings; 
expansion. 
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Fic. 9.—Curing curve showing relation of time to tempera- 
ture. 


Tackiness decreased as the temperature increased; at 
350° it was slight, and it was entirely absent at 375°C. 
The coating was in a condition comparable to those 
which had been cured in the oven at 250° for 10 
hours and therefore was quite satisfactory. Fourteen 
resistors made up on different kinds of tubes, the coat- 
ings of which were cured at 375°C. for 15 minutes, were 
tested, and all of them passed the required nine cycles. 
A properly cured coating is shown in Fig. 7. When 
heated for 15 minutes at 400°C., the coating lost some 
of its resiliency, and the wire in rising, because of differ- 
ential expansion, particularly from cordierite and zircon 
porcelain tubes, caused the coating to crack as shown 
in Fig. 8. At this temperature, however, excellent 
results were achieved by reducing the time to 8 minutes. 
Careful study has shown that in curing a definite re- 
lation exists between temperature and time (Fig. 9). 


(4) Valuation of Resistors for Grade 1, Class | 
Requirements 
(A) Thermal-Shock and Salt-Water Immersion: A 
large number of resistors were tested in accordance with 
the methods of the JAN specification, both in the 
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TaBLe I 
RESULTS OF SALT WATER-IMMERSION CYCLING TESTS 
MI NRL Total Cycles Open 
- after cir.after Passed 
Tested Passed Tested Passed Tested Passed life test 9 cycles (%) 
Steatite A 
Regular 8 5 5 5 13 10 4 4 76.8 
Thin wall 1 1 9 6 10 6 3 60.0 
Steatite B 
Regular 5 0 5 0 0.0 
Thin wall 2 2 2 2 100.0 
Steatite C 
1 1 4 4 5 5 2 100.0 
Total 17 9 18 15 35 23 4 9 65.8 
High alumina 
1 1 9 8 10 9 2 90.0 
Electrical porcelain A 
(1) 2 0 1 1 3 1 1 33.3 
(2) 4 4 10 9 14 13 6 93.0 
(3) 4 4 4 4 100.0 
Electrical porcelain B 
1 1 4 4 5 5 1 100.0 
Total 11 9 15 14 26 23 8 88.6 
Zircon porcelain (porosity 2.1%) 
Uncoated inside 4 0 4 0 0.0 
Coated inside 3 3 5 2 8 5 62.5 
Zircon porcelain (porosity 3.7%) 
Uncoated inside 2 0 2 0 0.0 
Coated inside 3 1 7 5 10 6 60.0 
Zircon porcelain (thin wall) 
Thin wall 9 9 31 27 40 36 5 Q 90.0 
Total 21 13 43 34 64 47 5 +) 73.5 
Glass 
2 2 7 7 9 9 1 3 100.0 
Cordierite 
(A) 2 1 5 5 7 6 2 3 85.7 
(B) 15 ll 10 8 25 19 3 76.1 
Total 17 12 15 13 32 25 2 6 78.0 
Steel (pre-enameled) 
Terminal design 1 2 0 2 0 0.0 
Terminal design 2 1 l 4 -0 5 1 20.0 
Silicone coated before winding 1 0 12 7 13 7 1 53.8 
Total 4 16 7 20 8 1 40.0 
Total 196 144 73.5 
Table I includes results of tests carried out on a number Tube material Tested Passed Passed (%) 
of resistors of doubtful value as made; for example, those Steatite 30 23 76.3 
having porous zircon porcelain tubes coated with silicone High alumina 10 9 90.0 
on the inside; regular steatite tubes, which had very low __ Electrical porcelain 26 23 88.6 
resistance to thermal shock; steel tube resistors with Zircon porcelain 40 36 90.0 
terminal bands mounted close to the end of the tubes; and Glass 9 9 100.0 
those of an improved design which were not coated with Cordierite 31 25 80.7 
silicone before winding. If these resistors, which really Steel (pre-enameled) 13 7 53.8 
should not have been tested officially, are taken from the — — — 
record, the results may be summarized as follows: Total 159 132 83.0 
Vol. 28, No. 12 
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author's laboratory and at the Naval Research Labora- 


tory. A recapitulation of the results is set forth in 
Table I. 
(B) Life Test: When the first set of resistors was 


submitted for test at the Naval Research Laboratory, 
it was decided that half the units (13) should be sub- 
jected to a life test which, however, is not included in 
Specification JAN-R-26. In this test, the resistors 
were operated at the rated wattage and hot-spot tem- 
perature for 1000 hours, current on 1'/; hours and off 
1/, hour. It was intended that this treatment should 
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Dissected coating opened to show corrosion point. 


Fic. 11.—Closeup of corrosion point which caused failure 
after 9 cycles. 


show the effect of long-time heating on the coating. 

When the life test was completed, in order to deter- 
mine whether the coating had deteriorated, the resistors 
were subjected to the salt-water immersion test but not 
to the preliminary thermal-shock test. Eleven resist- 
ors passed the life test and ten passed the subsequent 
salt-water immersion test; the resistor that failed in 
the latter test, did so in the eighth cycle. 

Two zircon porcelain resistors were reported to be in 
excellent condition after being life-tested for a second 
thousand hours. 

(C) Humidity Test: Thirteen resistors, made up of 
tubes of different materials, were submitted to the Fort 
Monmouth Signal Laboratory for a humidity test, ac- 
cording to procedure F17, JAN-R-26, Amendment 2, 
at 90 to 95% relative humidity. Of these units, twelve 
passed the required 10 cycles, and one failed in the sixth 
cycle. 


(5) Analysis of Causes of Resistor Failure 

The interpretation of results has been somewhat con- 
fused by the change from specification RE 13A 372] to 
JAN-R-26. In the former, it is stated specifically 
that the resistance shall be measured under load by the 
voltmeter-ammeter method and in the latter the 
method of measurement is not clearly defined. Thus, a 
resistor which has completed nine cycles of the salt- 
water immersion test may show no change in resistance 
by the voltmeter-ammeter method under a high poten- 
tial, but with the Wheatstone bridge it may show a 
very high resistance or an open circuit if corrosion of the 
wire has taken place. The difficulty here is that, by 
one measurement a resistor may pass the test, when by 
the other it will have failed. In the reports received 
from the Naval Research Laboratory, an open circuit 
discovered by a Wheatstone bridge measurement, made 
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Fic.{12.—Electrical porcelain tube; failed in 8th cycle. 
72 hours after the ninth cycle had been successfully 
completed, constituted a failure, although this pro- 
cedure is not included in the specification. Whether 
or not this interpretation is correct is beside the point 
because the investigation of the causes of open-circuit- 
ing disclosed some hitherto unproved facts concerning 
resistor construction and performance. 

An important advantage of the silicone coating lies 
in the fact that it can be removed easily from a failed 
resistor and the cause of failure determined. Some re- 
sistors which have completed nine cycles, later have 
shown open circuits because of cracks in the tubes 
through which salt water had penetrated to the wire 
and caused corrosion. An excellent example of the 
first case is shown in Fig. 10. The resistor had a dipped 
coating which was dissected from the wire and tube in 
one piece. No mark of rust can be seen on the inside 
of the coating, yet a well-defined spot of corrosion can 
be seen in Fig. 11, which is a close-up of Fig. 10. Many 
other cases of a similar nature have been found; for in- 
stance, the resistor shown in Figs. 12 and 13. In gen- 
eral, open circuits were associated with tubes of steatite 
or electrical porcelain which, of the materials used, 
have the greatest tendency to crack in thermal shock, 
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Fic. 14.—Seepage of salt water in porous tube. 


although some manufacturers make better tubes in this 
respect than others. 

A number of failures were caused by seepage of salt 
water through the walls of porous tubes of zircon porce- 
lain (water absorption 2.1% and 3.7%), and, in one 
case, of high alumina. The effect of excessive tube 
porosity is shown in Figs. 14, 15, and 16. Table I 
shows that coating the inside of porous zircon porcelain 
tubes with the silicone paste counteracted, to some ex- 
tent at least, the effect of the relatively open structure. 

Open circuits occurring in resistors cored with tubes 
known to have excellent resistance to thermal shock were 
originally caused by wire burn-out. The heat gener- 
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Fic. 13.—Relation of corrosion points to cracks in tube. 
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Fic. 15.—Effect of salt water on coating of porous tube. 


ated by the arc formed between the wire ends decom- 
posed the adjacent coating so that it could no longer 
protect the wire from corrosion by salt water. 

Another reason for wire corrosion, especially as dis- 
closed by late open-circyiting, was abrasion of the 
coating, where salt water apparently had been trapped 
under the edge of the tear and had not been completely 
washed out. 

In any case, the failure of a resistor in less than nine 
cycles, or 72 hours after the ninth cycle has been com- 
pleted, depends on the quantity of salt water which has 
penetrated to the wire and on time. If the tube is 
porous, if it is badly cracked in thermal shock, if the 
wire burns out, or if the abrasion of the coating is seri- 
ous, the resistor may be expected to fail early in the 
test. One resistor, made with a steatite tube, survived 
a 1000-hour life test, nine cycles of the salt-water im- 
mersion test, and a momentary overload of 6000 volts, 
only to show an open circuit several weeks later. The 
coating was removed, actually with some difficulty be- 
cause it was so hard. In the wire was found just one 
pot of corrosion caused by salt water which had seeped 
slowly through a crack in the tube. 


V. Discussion of Results 


(1) Silicone Coating 

The rubbery consistency, high elasticity, and non- 
wettability of the silicone coating make it immune to 
the ordinary effects of thermal shock. The coating is 
impervious to water as such, and results of the humidity 
test carried out at the Fort Monmouth Signal Labora- 
tory have given a good indication that the coating is 
also resistant to the more subtle attack of atmospheric 
moisture. The cured coating appears to undergo little 


or no change in structure or properties at the tempera- 
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Fic. 16.—Behavior of salt water on uncoated tubes. 


ture at which Class I resistors are operated. This 
property was checked rigorously by the 1000-hour life 
test. 

The resistance to abrasion of silicone coatings is 
naturally less than that of vitreous enamels, although it 
is greatly improved by curing at 375°, and a degree of 
care in handling resistors coated with the material must 
be exercised. In view of their superior quality with re- 
spect to resistance to thermal shock and moisture pene- 
tration, this precaution should not be considered un- 
reasonable. 


(2) Quality of Ceramic Tubes 


Tubes of six different materials were used as resistor 
cores with a considerable variation in results which ap- 
pear to be due to the characteristics of the tubes or wire 
rather than to any defect of the coating. In none of 
the examinations of failed resistors has the coating ap- 
peared to have been directly the cause of failure. 

Since ceramic tubes are used as cores for enameled 
resistors, it would appear that many of the failures, 
which in the past have been attributed to faulty enamel 
coatings, have been due actually to porosity or to break- 
down of the tubes because of their inability to withstand 
severe thermal shock. Thus the corrosion of the wire 
has taken place from the inside of the tube instead of 
the outside as has been assumed. The possibility of 
such a condition was stated at the very outset of this 
project, but it was not until the use of the silicone coat- 
ing made possible examination after failure that its 
actual occurrence could be observed. 

The performance of resistors is as much a function of 
the tube and the wire as of the coating, and it is there- 
fore important to note that the materials with the high- 
est rating are glass, zircon porcelain, and high alumina. 
Electrical porcelain tubes have a slightly lower rating. 
The results shown by resistors made on cordierite tubes 
are misleading because some of the coatings were cured 
at 375° or 400°C., and cracking of the latter, caused by 
wire rising, took place. In the salt-water immersion 
test, however, the earliest failure occurred in the seventh 
cycle. The rating of cordierite resistors, with coatings 
cured at 250°C., was 84.5%. Steatite-cored resistors 
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showed a rather spotty performance but, if the tubes 
are well made, such resistors should give reasonably 
good service. 

In the past in dealing with enameled resistors, too 
little attention has been given to the quality of the 
ceramic tubes which have been used ascores. The speci- 
fications call for water absorption of less than 0.1%, 
but this can be attained only with a highly vitrified 
body which, in turn, is likely to have less resistance to 
thermal shock than porous bodies of the same compo- 
sition. To counteract the latter, some makers have 
tended to increase the porosity to a slight extent. Even 
a low degree of porosity can be dangerous as exemplified 
by the behavior of the resistors cored with porous zircon 
porcelain tubes. 

The porosity of such tubes can be overcome by the 
careful application of the silicone coating to the inside 
surface, and this method may have some significance 
from the point of view of taking advantage of porosity 
to attain better resistance to thermal shock. 


(3) Pre-Enameled Steel Tubes 


The performance of the resistors cored with pre- 
enameled steel tubes was disappointing, although some 
of them survived nine cycles of the salt-water immersion 
test. Failures, however, are electrical and are due gen- 
erally to defects of the enamel coating on the steel tube 
which decrease its otherwise adequate dielectric 
strength. A preliminary coating of the silicone, ap- 
plied over the enamel and cured before winding, is ef- 
fective in counteracting enamel defects. The use of 
the paste directly on bare steel, in place of enamel, 
showed unsatisfactory results because of cutting of the 
coating by the wire or terminal bands. 


Vi. Conclusions 

Silicone coatings are satisfactory in themselves, and 
the performance of the resistor to which they are ap- 
plied depends on the material and quality of the tubes 
and the freedom of the wire from defects. 

The expansivity of the tube material is without sig- 
nificance because of the high elasticity of the coating, 
provided the tube itself can inherently withstand ther- 
mal shock. Equally good results have thus been ob- 
tained with cordierite, glass, high alumina, zircon porce- 
lain, and electrical porcelain, all of which are lower in 
expansivity than steatite and all of which have better 


resistance to thermal shock. The rising of the wire 
from tubes of low expansivity, such as cordierite, glass, 
or zircon porcelain, may cause cracking of coatings if 
they are cured at 400°C. for more than 8 minutes. 

The requirement of very low water absorption (po- 
rosity) of tubes is as necessary where the silicone coat- 
ings are to be used as with enamels unless the additional 
operation of coating the inside of the tube is to be intro- 
duced. 

Tubes of any kind should be tested for porosity and 
resistance to thermal shock by the resistor manufac- 
turer before they are accepted for winding and coating. 

A sufficient number of resistors, coated with a silicone 
paste, have been successfully tested both at Mellon 
Institute and at the Naval Research Laboratory to 
justify the conclusion that such resistors, made in com- 
mercial production, should meet the Grade 1, Class I 
qualification tests of the Navy Specification for resist- 
ance to thermal shock and moisture penetration. 
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LEAD REPLACEMENTS IN DINNERWARE GLAZES* 


By H. J. ORLowSKIt AND JOHN MARQUIS 


ABSTRACT 


Data are presented on leadless glazes in which barium, fluorine, lithium, and strontium 


have been employed as fluxes. 


Molecular and batch formulas are given for the best 


glazes with the test results from plant trials conducted in seven vitreous and semivitreous 


dinnerware plants. 


of preparation, ease of application, and length of firing range. 


The glazes were developed for practical plant production as to cost 


Tests include autoclave, 


thermal shock, impact, chipping, modulus of rupture, glazed-ring compression, and 


scratch hardness. 


1. Introduction 

This paper reports laboratory findings with four tri- 
axial systems of leadless and low-lead glazes, and the 
results of testing 21 experimental glazes in a series of 
plant trials in vitreous and semivitreous plants. These 
glazes were selected from the best results obtained in 
the laboratory development and testing of 227 formulas 
utilizing 80 leadless glaze frits. 


(1) General Discussion 

The primary functions of lead oxide in dinnerware 
glazes are to produce an early fusing point and to pro- 
vide an active solvent for the more refractory glaze 
materials. The result is a fluid, homogeneous coating 
on the ware in the glost kiln with the property of cover- 
ing bare surfaces where the glaze has been rubbed off 
with plant handling. The glaze cools into a smooth, 
glassy covering with high gloss. 

A satisfactory substitute for lead must meet as many 
of these properties as possible if it is to do the job with 
the minimum adjustment in plant procedure. 

In the past, many leadless glaze formulas have been 
developed by making substantial increases in the 
quantities of boron and alkalis used in the glaze batch. 
Since these materials reproduce the low fusion proper- 
ties of lead more completely than the remaining 
standard glaze ingredients, it has been necessary to rely 
on them in spite of serious disadvantages associated 
with their use. Glazes containing large amounts of 
the alkalis and boron have strong tendencies in the 
direction of solubility of the glaze batch. The dippers 
in the plants associate leadless glazes with the necessity 
of wearing rubber gloves, and the changing viscosities 
occasioned by the soluble materials demand constant 
control procedure. The relative high expansion of the 
alkalis reduces craze resistance. This was shown early 
in the investigation when several of the most promising 


* Forty-Seventh Annual Program, The American Ce- 
ramic Society, 1945 (White Wares Division, No. 8); 
presented at the Central Ohio Local Section Meeting, 
Granville, Ohio, May 23, 1945. Received August 28, 1945. 

t H. J. Orlowski held the position of United States Pot- 
ters’ Association Fellow at the Engineering Experiment 
Station, The Ohio State University, at the time of his en- 
listment in the United States Army Air Forces in Novem- 
ber, 1942. Word was received in the fall of 1944 that Dr. 
Orlowski was listed ‘“‘missing in action”’ after the B-29 in 
which he was flight engineer failed to return from a mis- 
sion over Japan. 
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“European type,’’ high alkali, leadless glazes were tried 
on various types of American dinnerware. Crazing 
in most cases occurred soon after the ware came from 
the kilns. Where underglaze colors are employed, sub- 
stantial increases in the boron content above the 
amount used with the lead glaze will change the color 
palette and result in greater difficulty in the reproduc- 
tion of standard patterns. 

In view of these factors and with the knowledge that 
the American chemical industry is continually expand- 
ing the number of potential materials available for the 
ceramic industry, the present investigation set out to 
concentrate its main energies on the development of 
lead replacements in standard glaze formulas. The 
boron content of these ‘‘lead-replacement”’ glazes has 
been held at 0.31 molecular equivalent or below, and 
increases in the alkali content have been made only 
with corresponding increases in the alumina and silica 
so as to neutralize the softening tendencies and high 
expansion of the alkalis. 

The result of this work, after extensive laboratory 
tests, plant trials, and final incorporation of several 
formulas in plant production, has been a leadless and 
low-lead glaze, which is still inferior to the lead glaze in 
its properties of healing-over scars and producing con- 
sistent results over a long firing range and under varying 
methods of grinding and application. But the best 
leadless glazes developed have not changed underglaze 
colors and have equaled or bettered the resistance of 
the lead glaze to crazing, impact, chipping, and scratch- 
ing. The dippers, furthermore, have felt no necessity 
of wearing rubber gloves when these glazes were intro- 
duced into the plants. 


ll. Laboratory Work 
(1) Procedure 


All frits used for the laboratory work were smelted in 
2000-gm. lots in fire-clay crucibles, and the shattered 
frit was dried and ground to pass 80-mesh before being 
introduced itito the glaze batch. The glazes were pre- 
pared in 1000-gm. batches and ground 15 hours in ball 
mills. They were adjusted to a viscosity of 19 sec. per 
200 cc. and sprayed on vitreous and semivitreous plates. 
The firings, conducted in saggers in a periodic, gas- 
fired, downdraft kiln, were of 24- to 28-hour duration 
and included a 3-hour soaking period at the top tem- 
perature to insure control of the desired cone de- 
formation inside the saggers. 
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TABLE I 


MOLECULAR FORMULAS OF LEADLESS GLAZES SUBJECTED 
TO PLANT TRIAL 


First plant trial * 


Glaze No. 
Oxide 1 4A 4Al 5Al 19 23A 
Na,O 0.066 0.12 0.06 90.12 0.12 
K,0 0.12 0.04 0.02 0.04 0.04 0.07 
Li,O 0.10 0.20 0.05 0.12 
CaO 0.43 0.44 0.44 0.38 0.44 0.57 
MgO 0.15 0.15 0.07 0.15 0.15 
SrO 0.15 0.15 0.07 
ZnO 0.13 0.14 0.138 
PbO 0.26 0.13 
Al,O; 0.27 0.30 0.30 0.30 0.30 0.30 
B,O; 0.31 O.23 O.382 0.23 0.23 
SiO, 2.60 2.80 2.80 2.7 2.70 2.80 
Second plant trial 

Glaze No. 18 18L 23Al 29 48 
Na,O 0.12 0.12 0.21 0.21 0.21 
K,O 0.04 0.04 0.07 0.07 0.07 
Li,O 0.10 0.10 
CaO 0.44 0.37 0.50 0.44 0.40 
MgO 0.15 0.15 0.15 0.15 0.06 
SrO 0.15 0.15 
PbO 0.07 0.07 0.13 
Na2SiFs 0.26 
Al,O; 0.35 0.35 0.30 0.30 0.40 
B,O; 0.23 0.23 0.23 0.2: 0.31 
SiO, 3.00 3.00 2.80 2.80 3.20 

Third plant trial 

Glaze No. 54A 65B 76A 82D 82E 85 
Na,O 0.06 0.09 O.06 O.21 O.21 0.12 
K,0 0.12 0.14 O.12 0.14 
CaO 0.438 O.33 O.40 0.20 O.27 0.59 
MgO 0.10 0.06 0.06 0.15 
SrO 0.10 0.05 0.20 0.138 
ZnO 0.13 0.18 O.17 O.26 0.26 
BaO 0.26 0.21 0.10 
Al,O; 0.33 0.383 0.27 0.27 0.30 0.30 
B.O; 0.31 O.31 O.31 O.381 0.31 0.31 
SiO, 2.8 2.90 2.60 2.93 3.16 2.80 
F, 0.20° 

Fourth and fifth plant trials 

Glaze No. 83F 84G 80 80A 80B 
Na,O 0.21 0.21 0.124 0.1388 0.134 
K;0 0.07 0.07 0.144 0.093 0.074 
Li,O 0.041 0.057 
CaO 0.40 0.40 0.425 0.423 0.428 
MgO 0.06 0.06 0.154 0.1538 0.158 
SrO 0.26 0.13 0.154 0.1538 0.158 
ZnO 0.13 
Al,O; 0.45 0.36 0.349 0.347 0.347 
B.O; 0.31 0.31 0.236 0.235 0.2385 
SiO, 3.22 3.11 3.159 3.146 3.141 
0.2 0.041 0.041 


* Source of topaz was Brewer Mine, N. C.; the empirical 
formula was calculated on the basis of theoretical topaz, 
Al,SiO,F:; the material used had a part of the fluorine re- 
placed with hydroxyl, Al,SiO,(F,OH)>. 


The flux-block tests were made by drying and pow- 
dering the liquid glaze used to spray the ware. This 
glaze powder was then packed into the proper opening 
in the block. The firings were made within a brick 
construction in the kiln so the flow of the glazes was 
observable but no flame could reach the block. Cones 
were placed on the back portion of each block as well as 
a cone plaque in the front. 
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TRIAXIAL I 12 8,0, 
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B GLAZE 59 


0.06 Ne, 0 © 352 Al,0, 006 Ne,9 0.364 
12 K,0 310 Bz O3 42 Be Oy 
69 43 
13 ZnO 2917 Side 26 MgO 2 789 

Zn0 


Fic. 1.—Triaxial I. 


(2) Flux-Block Studies 


Flux-block tests show the fusion point of a standard 
lead glaze, which is matured in the plants at cones 4 to 5, 
to be cone 09 or approximately 450°F. below that of the 
final maturing temperature. When the lead was re- 
moved from such a formula and the remaining glaze in- 
gredients were adjusted into a well-balanced leadless 
glaze, the fusing temperature was raised to cone (4, 
thus requiring approximately 180°F. additional heat to 
bring the leadless glaze to the same condition shown by 
the lead glaze at cone 09. The B,O; content of the 
leadless glaze was not changed from the lead glaze 
formula, but the alkali content was increased approx- 
imately 50% to help fill the vacancy in the RO group 
resulting from the removal of the lead. The empirical 
formulas of the two glazes used for this flux block study 
are found in Table I as glaze No. 1 for the lead glaze and 
glaze No. 85 for the simple leadless glaze. 

The flux-block tests were used as a check for the 
laboratory development of the experimental glazes. 
As new ways were developed to reduce the fusing tem- 
perature, the gloss and smoothness of the leadless glazes 
were improved at cones 4 to 5 when applied on dinner- 
ware. The most active additions which could be made 
to a leadless glaze and which could depress its fusing 
temperature so as to compare with a lead glaze were 
fluorine (sodium silicofluoride, cryolite, topaz, fluorspar, 
and lithium fluoride), bismuth (bismuth oxide and bis- 
muth subnitrate), lithia (lithium carbonate, lithium 
fluoride, lithospar, spodumene, and lepidolite), and a 
multiplicity of the RO group, such as the formula of 
glaze 76A in Table I. One important glaze property 
which was not indicated by the flux-block tests was the 
firing range and tendencies toward overfiring. For 
this reason, the tests were run only as a supplement to 
glaze trials on the ware itself. 
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Lead Replacements in Dinnerware Glazes 


Several promising types of leadless glazes developed 
in the laboratory were not carried into plant trials be- 
cause of the expense of the materials involved. An ex- 
ample of this was a series of bismuth glazes, which 
showed themselves in the laboratory to come as close 
as any of the lead replacements in reproducing the high 
gloss and mirror smoothness of the lead glazes. The 
empirical formula of one such glaze is as follows: 


Glaze No. 69B 


0. ll Na,O 
.14 K,0 
.40 CaO 0.30 ALO; 
° 10 MgO .23 B.O; 3.2 SiO, 
.10 BaO .12 Bi,O; 
.15 ZnO 


(3) Triaxial Studies 

The purpose of this phase of the work was to deter- 
mine the effectiveness of various combinations of base 
oxides as replacements for lead in a standard glaze 
formula. 

(A) Triaxial J, Fig. 1 (Oxides of Barium, Calcium, 
and Magnesium as Lead Replacements): In a standard 
lead glaze formula (Table I, glaze No. 1), the 0.26 
molecular equivalent of PbO was eliminated and re- 
placed with BaO, CaO, and MgO to form the three end 
members of this triaxial. 

The alumina-silica content of the three new glazes 
was determined by calculations based on the individual 
borosilicate and alumina-silicate eutectics of the various 
RO members. The following eutectics were used for 
this work:* 


Fusing 
Base oxide B:O; SiO: temp. (°C.) 
PbO 0.238 0.78 415 
Na,O 1.29 1.73 570 
K,0 2.11 2.59 655 
K,0 0.276 6.98 870 
CaO 0.348 2.49 1165 
BaO 0.437 3.93 1225 
MgO 0.392 2.00 1370 
ZnO 0.318 0.81 1380 


The alumina and silica not required in the formation 
of the eutectic portion of the standard lead glaze was 
determined to be 0.068 Al,O3; and 0.635 SiO». This 
same amount of alumina and silica was added to each 
of the lead replacement glazes, Nos. 58, 59, and 60, 
after the required amount needed for the various RO 
components had been satisfied. 

When fired to cone 4 on both semivitreous and 
vitreous plates, all 21 points of triaxial I showed a 
considerable amount of egg shelling when compared 
with the standard lead glaze. This fault was greatest 
in the area surrounding the high MgO glaze, No. 60. 
Although none of the glazes could be recommended on 
the basis of appearance, the smoothest ones with the 
highest gloss were Nos. 11, 4, 7, and 8; the craze re- 
sistance was excellent; and all the vitreous plates 
passed 10 cycles of a thermal-shock test of 200° to 25°C. 
and the semivitreous plates passed the autoclave test 
at 150 Ib. per sq. in. 


* Eutectics compiled by A. S. Watts for lecture notes. 
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B GLAZE 72 C GLAZE 73 

0.09 0.33 Al, 0.09 Ne,0 0.33 A 
14 KgO 14 K20 3 
43 CeO 43 Ceo 
21 Sro 290Si0, 21 MgO 2:90 Sid, 
13 A3 200 


Fic. 2.—Triaxial IT. 


(B) Triaxial II, Fig. 2 (Oxides of Barium, Strontium, 
and Magnesium as Lead Replacements): This triaxial 
is a modification of triaxial I in which a small increase 
has been made in the alkali content at the expense of 
the alkaline earth used to replace the lead; the alumina 
and silica content has been lowered to a point which 
satisfies all of the eutectic compositions but has de- 
creased the more refractory noneutectic content; and 
SrO has replaced CaO as the lead replacement for end 
member B. 

The appearance of the glazes in triaxial II was supe- 
rior to those in triaxial I and the egg shelling was greatly 
reduced. The best-looking glazes were found at points 
Nos. 4, 1, and 9. The good resistance to crazing shown 
by the compositions in triaxial I was maintained in 
these new glazes with all the hotel china plates passing 
six cycles in the thermal-shock test. 

This triaxial formed the basis for the development of 
glazes 54A and 65B in the plant trial selections. 

(C) Triaxial III, Fig. 3 (Oxides of Potassium and 
Sodium in Comiination, Strontium, and Zinc as Lead 
Replacements): One of the chief purposes in the de- 
velopment of this triaxial was to determine the limit in 
the alkali content of this type of glaze where the in- 
creased expansion would destroy glaze fit. When the 
glazes were fired to cone 5 on a hotel china body, their 
appearance was similar, points Nos. 8 and 15 being the 
smoothest with greatest gloss. In the thermal-shock 
test, points Nos. 1 through 7 crazed after the third 
cycle; points 10 and 14 crazed after the fifth cycle; 
and the remainder passed 5 cycles uncrazed. This 
provided an example of the improved glaze fit of those 
leadless glazes where the alkali content is kept at a 
minimum and oxides with lower expansion are utilized 
for lead replacements. 


/\ /\ 


346 


A GLAZE 74 


0.10 No,0 .34 Al,0, 

TRIAXIAL III . 20K,0 31 
.40Ce0 

. 3 20Si02 
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.05 
-O5Zn0 


B GLAZE 75 CGC GLAZE 76 

0.06 Na,0 0.34 O6 Nog0 34 
.12 K20 3 3 12 31 8,0, 
.40Ce0 40 CeO 
-10 MgO 3.20 SiO, 10 MgO 3.20 Si0, 
.10 .-10 
-05 Zn0 17Zn0 


Fic. 3.—-Triaxial IIT. 


Flux-block tests of all members of this triaxial were 
prepared and fired together to cone 08. At this tem- 
perature, all 15 glazes had fused and started to flow. 
The distance of flow in each case was between the first 
and second division on the block, and the high ZnO and 
SrO glazes showed as great a degree of fusibility as the 
high alkaline glazes. 

All of the changes between the various RO constitu- 
ents in this triaxial were reflected by changing batch 
proportions of three frits. The total frit content of all 
the glazes was 57 to 58%. The only other mill addi- 
tions were feldspar, clay, and flint. The results of the 
triaxial showed that, for glazes of this type, presmelting 
the more refractory bases will produce as fusible a glaze 
as one with higher alkali content. The low alkali glaze 
will have the advantage of better glaze fit. 

A modification of glaze 76 with lower alumina and 
silica was tried in the plant trials as glaze 76A. 


(D) Triaxial IV, Fig. 4 (Oxides of Strontium, Barium, 
and Lithium as Lead Replacements in Low Lead Glaze): 
This triaxial used the standard glaze formula, No. 1 
(Table I) as the basis of its formation. The PbO con- 
tent was reduced from 0.26 to 0.15 molecular equiva- 
lent. The remaining 0.11 molecular equivalent was 
filled by SrO in glaze 86, by BaO in glaze 87, and by 
Li,O in glaze 88. The alumina and silica content of 
the lead glaze was not changed. 

When the 21 glazes in this triaxial were applied to 105 
of the 7-in. plates in a semivitreous plant and put 
through the tunnel glost kiln at cone 5, over half of the 
plates showed blisters. Those points on the triaxial 
which were freest from this defect were Nos. 1, 19, 15, 
14, and 9. The glazes with the smoothest texture and 
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©. 06 Na,O 0.27 AlgOy © .06 Ne,0 0.27 AlgOs 
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Fic. 4.—Triaxial IV. 


highest gloss were Nos. 19, 15, 9, 14, and 1, in the order 
of decreasing visual properties. 

When subjected to the autoclave test, one third of 
these glazes crazed and the remaining two thirds 
passed without a failure. The compositions with the 
poorest glaze fit were in the area of the high lithia end 
member. Thus, in these glazes, lithia produced the 
best-looking compositions but also those with the 
poorest glaze fit. The barium glazes showed the great- 
est tendency to blister but the best glaze fit. The 
strontium glazes produced the most satisfactory glazes 
with good fit and appearance but with some tendency 
to blister. 

An explanation for the blistering is found in the 
eutectic analyses made for triaxial I. All of the oxides 
used in the study as lead replacements required a 
greater alumina and silica content in the formation of 
the eutectic glasses than did lead. Thus there is no 
assurance that the alumina and silica in the standard 
lead glaze will prove adequate for the maintenance of 
equilibrium in the leadless or low-lead formulas. 

A direct substitution of barium for lead in the stand- 
ard glaze resulted in a composition which blistered. 
By increasing the alumina and silica above the amounts 
required in the standard glaze, a new equilibrium point 
was reached and the blistering disappeared. This re- 
sulted in glaze 54A, which was tried on 11 dozen semi- 
vitreous plates in the third plant trial with no indication 
of blistering on any of the ware. 

The 0.04 molecular eqrivalent of Li,O found in point 
9 of triaxial IV provided the lithia content of glaze 80A 
in the fifth plant trial, where it was necessary to reduce 
the higher lithia content of glaze 18 in production at the 
plants. 
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400 .275 .242 . 255 257 . 284 336 
500 . 365 . 330 330 333 .372 465 


Fic. 5.—Thermal expansions of glazes 1, 18, 23A1, and 
48 with thermal expansions of vitreous and semivitreous 
bodies 


lll. Plant Trials 


In a series of five plant trials, the best laboratory 
formulas of the various types of leadless glazes were 
tried under production conditions. Four semivitreous 
plants and three vitreous plants cooperated in these 
trials. 

The molecular and batch formulas for all of the glazes 
and frits tried in the plants are contained in Tables I 
through IV. The average values found from testing 
the physical properties of the plant trial ware are 
given in Tables V and VI. 

Thermal-expansion curves for glazes 1, 18, 23A1, and 
48, as they compare with the corresponding curves for 
a standard vitreous and semivitreous body, are shown 
in Fig. 5. 


(1) Procedure 

(A) General: Except for the first plant trial, all of 
the test frits were prepared by commercial frit manu- 
facturing companies and were premilled to at least a 
fineness of 5% on 200-mesh. The glazes were ground 
in ball mills of 100-Ib. capacity in the laboratory of one 
of the semivitreous plants. The method of preparing 
each glaze was patterned as closely as possible after the 
accepted practices used for the lead glazes in produc- 
tion. The test ware consisted of 7-in. plates taken from 
bisque stock in the various plants. In most instances, 


each glaze was applied to three or four dozen plates, and 
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additional plates were glazed with the lead glaze in 
production to provide a standard of comparison. The 
rings and bars were cast in the laboratory from the 
plastic body in use at the plants and were biscuited in 
the plant kilns. The glazes were applied by dipping, 
except at the semivitreous plant B where all the ware 
was hand sprayed. Most of the glost firings in the 
semivitreous plants were within the range of cones 4 to 
6. 

In the second plant trial, most of the ware was fired at 
cones 4 to 5 and in the third and fifth trials at cones 5 to 
6. At vitreous plant E, the average sagger showed 
cone 4 down; at plant F, the glost firing was below cone 
4 with cone | standing in some saggers; and at plant G, 
the firing was in the range of cones 3 and 4. 

The first plant trial was conducted on a much smaller 
scale with the frits and glazes prepared in the labora- 
tory and transported to the plant where each was 
applied to one dozen 5-in. plates and put through the 
glost kiln at cone 4. 

(B) Tests for Plant Trial Ware, (i) Autoclave: The 
ware was subjected to a 3-hour test in the autoclave. 
The first hour consisted of a steady increase in pressure 
to 150 Ib. per sq. in., which was maintained during the 
second hour, and released at the rate of 25 lb. every 10 
minutes in the third hour. 

Results are reported as the percentage of test plates 
which passed uncrazed. In the first and fifth plant 
trials, 6 plates from each plant with each experimental 
glaze were tested. In the second and third plant 
trials, each reported percentage is the average of 12 
plates subjected to the test. 

(ii) Thermal Shock: The plates were kept in a ther- 
mostatically controlled oven at a temperature of 200° = 
6°C.; after 1 hour, they were removed when the tem- 
perature was exactly 200°C. and were immediately 
quenched in water at 25° = 1°C. 

The number of semivitreous plates tested from the 
various plants was the same as for the autoclave. For 
the vitreous plants, the number of 7-in. hotel china 
plates tested with each experimental glaze was as 
follows: second plant trial, 4 plates; third plant 
trial, 12 plates for plant F and 5 plates for plant G; 
and fourth plant trial, 6 plates for plant E. 

The results are reported as the average cycle passed 
from 10 cycles in the first and second plant trials and 5 
cycles in the remaining plant trials. 

(iii) Impact: The impact value was determined by 
dropping a steel ball weighing 1 oz. on the 7-in. plate, 
which was supported on three points inside the foot 
rim. The height of the fall was increased in '/;-in. 
steps until the blow caused the glaze to star on the 
bottom of the plate. The piece was then broken and 
the thickness of the ware at the point of the star was 


measured witn micrometer calipers to 0.001 in. The 
impact value was determined from formula (1). 
height of drop (in.) 
Impact value = s p ( (1) 


16 X plate thickness (in.) 


The number of plates from which the average values 
were determined was as follows: second plant trial, 10 
plates; third plant trial, 7 or 8 plates for semivitreous 
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TABLE II 
BATCH FORMULAS OF LEADLESS GLAZES SUBJECTED TO PLANT TRIAL 
Composition (%) 

Material Glaze No. 1 4A 4Al 5Al 19 23A 23Al1 29 
Lead frit 29.3 15.3 8.7 15.5 
Frit 1 28.6 
Frit 4 44.1 
Frit 4Al 56.7 
Frit 5A1 39.5 
Frit 19 53.4 
Frit 23A 45.7 44.5 44.3 
Whiting 6.1 9.9 7.0 6.1 6.9 9.4 6.7 4.5 
Zine oxide 3.2 3.6 3.8 
Tale 2.2 2.0 2.0 
Maine Oxford feldspar 8.0 
Nepheline syenite 12.3 12.7 11.6 13.1 12.5 12.2 11.7 
Clay 9.4 13.1 5.8 7.2 8.6 10.9 9.0 7.4 
Flint 15.4 20.6 17.8 16.7 14.2 19.3 16.9 14.6 

100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Glaze No. 18 18L 48 S4A 65B 76A 82D 82E 
Lead frit 8.2 
Frit 18 58.1 56.6 
Frit 47 64.7 
Frit 54 44.7 
Frit 65 62.3 
Frit 76 66.7 
Frit 82 68.3 
Whiting 4.8 5.5 6.0 2 3 
Strontium carbonate 4.5 9.2 5.7 
Buckingham feldspar 26.0 29.7 
Nepheline syenite 11.8 11.5 16.6 
Topaz 13.5 17.4 
Pyrophyllite 15.8 
Clay 10.3 8.5 8.5 11.6 a.0 5.7 5.6 2.3 
Flint 12.6 10.4 5.5 11.8 9.5 0.8 4.2 
100.0 100.0 100.0 100.1 100.0 99.9 100.0 100.0 
Glaze No. 83F 84G 85 80 80A 80B 
Frit 80 58.9 58.8 59.0 
Frit 82 34.1 
Frit 83 65.5 35.0 
Frit 85 73.4 
Whiting 5.5 5.9 4.8 7.0 7.0 7. 
Lithium fluoride 0.7 0.7 
Nepheline syenite 11.6 5.7 
Lithospar 7.4 
Topaz 16.2 12.9 
Pyrophyllite 8.9 7.9 
Clay 12.8 12.2 9.8 10.1 10.0 10.0 
Flint 12.0 12.4 8.9 7.9 
100.0 100.1 100.0 100.0 100.0 100.0 


plants, 8 for vitreous plant F, and 3 for vitreous plant 
G; fourth plant trial, 8 plates; and fifth plant trial, 6 
plates. 

(iv) Chipping: The resistance of the edge of the 
plate to chipping was tested with a 5-oz. hammer which 
swung as a pendulum along a scale calibrated in foot- 
pounds. The reported results are the averages from 
the foot-pound reading of the blow which chipped the 
edge of the plate. Because of the thin edge of the semi- 
vitreous ware, the effect of glaze compression could not 
be reflected in the results and the test on this ware was 
dropped after the second plant trial. 


Each plate was chipped at four different places 
around the rim of the ware from the second and third 
plant trials and at eight places on the plates from 
vitreous plant E in the fourth plant trial. Five plates 
were tested in the second plant trial; 4 for plant F in 
the third plant trial and 3 for plant G in the same trial; 
and 7 for plant E in the fourth plant trial. 

(v) Scratch Hardness: Scratches on the glaze sur- 
faces were produced with the microcharacter loaded 
with a 9-gm. weight. The width of the scratch was 
measured with a microscope equipped with a filar head, 
and each individual reading was checked to 0.3 micron. 
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TABLE IIT 


MOLECULAR FORMULAS OF FRITS USED IN PLANT TRIAL GLAZES 


First plant trial 
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Frit No. 

Oxide Lead frit 1 , a 4Al 5Al 19 23A 
Na,O 0.123 0.095 0.130 0.100 0.250 
K,0 0.247 0.032 0.044 0.033 0.083 
Li,O 0.159 0.270 0.109 0.200 
CaO 0.630 0.238 0.324 0.413 0.417 0.500 
MgO 0.238 0.203 0.152 0.250 0.167 
SrO 0.238 0.203 0.152 
PbO 1.000 
Al,O; 0.254 0.100 0.100 0.200 0.200 0.200 0.150 
B.O; 0.850 0.365 0.311 0.696 0.383 0.383 
SiO, 1.910 2.000 1.800 2.000 2.300 2.500 2.000 
Com. wt. 368 256 205 218 268 246 220 

. Second, third, fourth, and fifth plant trials 
Frit No. 47 54 65 76 80 83 85 
Na,O 0.262 0.048 0.035 0.089 0.262 0.140 
K,0 0.087 0.141 0.178 0.088 0.163 
Li,O 
CaO 0.251 0.349 0.423 0.471 0.287 0.250 0.523 
MgO 0.075 0.118 0.223 0.075 0.174 
SrO 0.059 0.223 0.325 
ZnO 0.201 0.167 0.200 
BaO 0.402 0.269 0.118 
NaeSiF 0.325 
AlO; 0.150 0.017 0.138 0.087 0.192 0.291 
B.O; 0.388 0.479 0.397 0.365 0.342 0.388 0.360 
SiO, 2.500 1.545 2.128 1.880 2.706 3.240 2.326 
Com. wt. 295 228 261 222 276 297 248 
TaBLe IV 
BATCH FORMULAS (%) OF Frits USED IN PLANT TRIAL GLAZES 
First and second plant trials 
Material Frit No. a 4Al 5Al 19 18 47 
Hydrated borax 13.1 13.9 2 17.7 
Hydrated boric acid 7.8 13.8 15.1 16.0 K 13.4 2.4 
Potassium nitrate 2.3 2.5 3.1 
Lithium carbonate 4.3 7.2 2.3 5.0 3.5 
Strontium carbonate 12.7 10.8 6.3 10.4 
Magnesium carbonate 7.2 
Tale 9.3 5.4 10.6 8.8 2.8 
Sodium silicofluoride 
Nepheline syenite 20.3 22.0 17.1 17.8 
Pyrophyllite 6.5 8.7 
Whiting 17.1 8.6 11.7 11.6 14.1 10.3 7.3 
Clay 7.0 9.3 18.6 14.4 
Flint 29.4 34.7 28.6 28.5 27.5 24.9 27.8 31.2 
100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
_ Third, fourth, and fifth plant trials 
54 65 76 80 82 83 85 
Hydrated borax 6.3 ' 4.8 21 19.9 12.7 
Hydrated boric acid 16.3 14.8 13.0 12.3 6.4 
Potassium nitrate 8.6 8.7 5.0 4.7 
Sodium carbonate me 2.0 
Strontium carbonate 3.1 9.6 12.9 
Barium carbonate 27.2 15.9 8.3 
Dolomite Pg 11.9 3.9 10.5 
Zinc oxide 5.6 4.0 5.8 7.5 
Nepheline syenite 15.6 
Buckingham feldspar 37.0 
Pyrophyllite 8.1 
Whiting 12.0 12.7 12.6 3.0 5 4.7 11.4 
Clay 1.5 10.7 8.0 
Flint 31.1 33.3 36.6 30.7 55 52.1 22.0 
100.0 100.0 99.9 99.9 100.0 100.0 100.0 


(1945) 
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TABLE V 


PHYSICAL PROPERTIES OF PLANT WARE GLAZED WITH LEADLESS GLAZES 


First plant trial (semivitreous plant A) 
Glaze No 


1 4A 4Al 5Al 19 23A 
Autoclave (%) 
67 100 67 100 84 100 


Thermal shock (avg. from 10 cycles) 


7.8 8.0 6.3 9.3 9.0 9.0 


Second plant trial (semivitreous plants B, C, and D and vitreous 


plant E) 
Glaze No. 
Plant ~ 
glaze 18 18-L 23Al 29 48 
Autoclave (%) 
B* 100 75 92 67 58 75 
ag 67 100 100 100 92 83 
* 84 75 83 67 50 83 
Avg.* s+ 83 92 78 67 80 
Et 100 83 92 67 42 
Thermal shock (avg. from 10 cycles) 
_ 10.0 8.6 8.6 Pe 7.3 3.3 
ag 10.0 10.0 10.0 9.6 10.0 4.1 
> 10.0 9.8 7.7 7.2 8.7 3.5 
Avg.* 10.0 9.5 8.8 8.0 8.7 3.6 
Et 7.0 1.0 0.2 0.2 0.0 
Impact (in.-lb./in. thickness) 
B* 8.4 7.8 7.5 6.4 5.8 5.3 
a 8.1 8.3 6.0 6.2 §.7 5.0 
* 8.8 7.9 8.1 6.8 6.5 6.9 
Avg.* .4 8.0 7.2 6.5 6.0 5.7 
Et 6.6 5.4 5.4 4.7 4.0 
Chipping (ft.-Ib.) 
B* 0.085 0.060 0.089 0.075 0.072 0.080 
ag .069 .076 .067 . 063 . 066 .063 
.044 .044 .055 . 062 .072 .041 


Avg.* .066 .060 .070 .067 .070 .061 
Et 325 .310 .299 .254 .308 


Third plant trial (semivitreous plants B, C, and D) 


Glaze No. 


Plant — —-——- 
glaze 54A 76A 82D 85 
Autoclave (%) 
B* 100 100 100 100 100 
Sp 100 100 100 100 
p* 100 83 50 58 75 
Avg.* 100 94 83 86 92 
Thermal shock (avg. from 5 cycles) 

B* 5.0 4.9 5.0 5.0 4.8 
c 5.0 5.0 5.0 5.0 
5.0 5.0 5.0 4.7 4.8 
Avg.* 5.0 5.0 5.0 4.9 4.9 

Impact (in.-lb./in. thickness) 
B* 7.3 7.6 6.6 6.6 Fe 
8.6 7.4 8.8 
D* 8.0 8.5 6.2 8.5 8.3 
Avg.* 7.6 8.2 6.8 7.5 = | 


Third plant trial (semivitreous plants B, C, and D) (concluded) 


Glaze No. 
Plant glaze 54A 76A 82D 85 
Scratch hardness 
B* 2.5 2.4 2.6 2.4 2.5 
ce 2.4 2.8 2.4 
D* 2.6 2.7 2.5 2.6 2.8 
Avg.* 2.6 2.5 2.6 2.5 2.7 
Third plant trial (vitreous plants F and G) 
Glaze No. 
Plant - 
glaze 65B 76A 82E 85 


Thermal shock (avg. from 5 cycles) 


Ft eM 4.7 3.9 4.6 3.2 
Gt 4.8 4.0 
Impact (in.-lb./in. thickness) 
Ft 7.6 7.8 7.8 7.2 7.8 
Gt 5.4 §.2 
Chipping (ft.-Ib.) 
Ff 0.288 0.277 0.361 0.266 0.365 
GT 0.270 0.247 
Scratch hardness (yu) 

Ft 2.6 2.5 2.5 2.5 2.4 
Gt 2.6 2.5 2.5 2.5 2.6 
Fourth plant trial (vitreous plant E) 

Glaze No 
Plant glaze 83F S4G 
Thermal shock (avg. from 5 cycles) 
5.0 5.0 5.0 
Impact (in.-lb./in. thickness) 
6.2 6.2 5.6 
Chipping (ft.-Ib.) 
0.220 0.205 0.194 
Scratch hardness 
2.5 2.6 2.4 
Fifth plant trial (semivitreous plants B, C, and D) 
Glaze No 
glaze 18 80 80A 
Autoclave (%) 
B* 100 100 100 100 100 
. 100 100 100 100 
D* 83 33 83 50 
Avg.* 100 94 78 94 83 
Thermal shock (avg. from 5 cycles) 
B* 5.0 5.0 5.0 5.0 5.0 
c 5.0 5.0 5.0 5.0 
D* 4.5 3.3 2.7 4.5 
Avg.* 5.0 4.8 4.4 4.2 4.8 
Impact (in.-lb./in. thickness) 
B* 8.6 7.6 8.6 8.5 8.2 
yg 6.9 7.3 7.0 
D* 5.0 5.1 5.4 5.5 
Avg.* 8.6 6.5 7.0 7.0 6.9 


* Semivitreous. 
Vitreous. 
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The data are reported as the width of the various 
scratches in microns. 

The test was conducted on two samples of each 
experimental glaze on the various bodies; one sample 
came from the face of the plate and the other from the 
back. Eight different measurements ‘were made on 
each scratch, and the average was calculated for the 
reported results. 

(vi) Modulus of Rupture: The test was made on cast 
bars, 1 in. in cross section and 7 in. long. Each re- 
ported modulus is the average from breaking 7 or 8 
bars; in a few instances, breakage in shipment reduced 
the number to 6 bars. Obvious “‘balling’’ occurred 
with some of the bodies, and these results were elimi- 
nated from the reported averages. 

(vii) Glazed-Ring Test: The experimental glazes 
were applied to the outside of fired cast rings, 2°/, in. in 
diameter, */s in. high, and '/, in. in width of band. 
The ring was sawed between two reference points after a 
measurement had been made with a microscope 
equipped with a filar head. The difference in the 
distance between the two reference points before and 
after the ring had been sawed showed the existing de- 
gree of glaze tension or of compression. A closing up 
of the ring resulted from glaze compression and an 
opening from tension. All measurements were checked 
to 0.004 mm. Results are reported as millimeters of 
compression (—) or of tension (+). 

The reported values are averages made from testing 5 
to 8 rings of each glaze on each body. 


(2) First Plant Trial 


(A) Glaze 4A (Lithia-Strontia Fluxing a Leadless 
Glaze with Slight Increase in Alumina-Silica Content): 
Glaze 4A was one of the first lithia-strontia glazes to be 
tested. It produced good results in the laboratory on 
both vitreous and semivitreous ware in the glost range 
of cones 4 to 5. At cone 3, it was underfired on semi- 
vitreous ware and failed in the autoclave test but it 
passed the test uncrazed at cone 4 orabove. At cone 6, 
there was evidence of overfiring with entrapped bubbles 
in the glaze and a few blisters. On vitreous plates 
fired in the laboratory, glaze 4A showed a longer firing 
range with a smooth surface free from blemishes in five 
glost firings ranging from cones 3to7. In the thermal- 
shock test, a vitreous plate with glaze 4A crazed after 
the second cycle when fired to cone 6 and a plate fired 
to cone 7 crazed after the fourth cycle. 

When tried in a semivitreous plant on two commer- 
cial bodies, glaze 4A compared favorably with the 
standard lead glaze on one body but showed some en- 
trapped bubbles on another body; other than this, the 
glaze surface was smooth with high gloss. The firing 
was made at cone 4. The resistance to crazing of this 
glaze in the plant firing was excellent, as is shown in 
Table V. 

(B) Glaze 4Al (Modification of Glase 4A in Which 
Lithia Content Has Been Doubled at Expense of the Other 
Two Alkalis): Inthe laboratory, glaze 4A1 produced 
results similar to No. 4A, with no observable increase in 
gloss. It matured a cone earlier on semivitreous ware 


but, like No. 4A, it was overfired at cones 6 to 7. 
(1945) 
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In the plant firing, glaze 4Al produced a bright, 
smooth glaze with no blemishes on either type of com- 
mercial semivitreous plates. The resistance to crazing, 
however, in the autoclave and thermal-shock tests was 
poorer than No. 4A, indicating that the molecular re- 
placement of potassium and sodium oxides by lithia 
will increase the thermal expansion of the glaze. 

Since glaze 4A1 showed no pronounced improvements 
over No. 4A, the lithia content of this family of leadless 
glazes was established at 0.10 molecular equivalent or 
below. 

(C) Glaze 5A1 (Medium Lead Glaze with Eight Mem- 
bers of RO Group): Although the lead content in this 
glaze is 50% that of the lead glaze, No. 1, flux-block 
tests fired at cone 09 showed glaze 5A1 to have fused 
and run farther down the surface of the block than the 
standard glaze containing 0.26 molecular equivalent of 
PbO. Flux-block tests, fired at the same time, of Nos. 
4A, 4Al, and 19 showed their respective rates of flow 
to be behind that of glazes 1 and 5A1. 

Of the five experimental glazes fired in the first plant 
trial, glaze 5Al produced the most beautiful glaze. 
Its gloss and texture equaled the standard lead glaze, 
No. 1, the appearance of both glazes being superior to 
the lead glaze in production at the plant. Glaze 5A1 
showed the best resistance to crazing of any of the 
glazes including the standard lead glaze. 

(D) Glaze 19 (Leadless Glaze with Lithia and Zinc 
Oxide as Fluxing Agents and Containing No Strontia) : 
Glaze 19 ranked next to No. 5A1 in appearance in the 
plant firing. It was the best of the four leadless glazes, 
all of which were slightly lower in gloss than the lead 
glazes. Its resistance to crazing was better than the 
standard lead glaze but inferior to No. 5A1. 

(E) Glaze 23A (Simple Leadless Glaze Containing 
Only Four RO Oxides, Na,O, K,O, CaO, and MgO): 
This glaze was developed as a good balance between 
these four simple base oxides which can be introduced 
with inexpensive materials, easily obtainable. The 
presence of MgO compensates for the greater expansion 
of the increased alkali content. 

In the plant trial, this glaze produced plates of the 
“‘vellum mat” type. The fact that there was no 
additional flux replacing lead was obvious from the 
lower gloss and mat surface. The glaze, however, 
showed that a good balance of ingredients had been 
obtained. The bad egg shelling apparent in most of 
the glazes of this type fired in the laboratory was absent 
in the plant trial results. The resistance to crazing 
was excellent with glaze 23A ranking next to No. 5Al 
in the thermal-shock test and no failures of either glaze 
occurring in the autoclave. 

(F) Summary of Results of First Plant Trial: Of the 
five experimental glazes fired to cone 4 on commercial 
semivitreous plates in a dinnerware plant, glaze 5A1 
which contained one half of the normal lead content 
produced the best results, equaling the standard lead 
glaze in appearance and bettering its resistance to 
crazing. Glaze 19 produced the best appearance of 
the four leadless glazes, all of which were slightly lower 
in gloss and more obvious of texture than the lead 
glazes. 
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TABLE VI 
GLAZE COMPRESSION OF LEADLESS GLAZES 
Glazed ring test (mm./compression or tension) 

Glaze No. Body B* Body C* Body D* Avg.* Body Et Body Ft 
18 —0.028 —0.018 —0.083 —0.043 —0.019 
18L —0.007 —0.014 —0.041 —0.031 —0.031 
23Al1 —0.003 +0.022 —0.054 —0.012 —0.014 
29 —0.012 +0.013 —0.080 —0.026 —0.017 
48 +0.026 +0.072 —0.029 +0.023 
—0.183 —0.163 —0.173 
65B +0.008 
76A —0.214 —0.152 —0.183 —0.060 
82D —0.126 —0.116 —0.121 
82E —0.025 
85 —0.151 —0.097 0.124 —0.008 
Plant lead glaze —0.131 —0.117 —0.124 +0.018 

Modulus of rupture (Ib./sq. in.) 

18 4846 4531 5050 4809 9469 
18L 4712 4931 4515 4719 9543 
23Al 5023 2557 4736 4105 9808 
29 4782 3874 4489 4382 9456 
48 2650 2445 3516 2870 
54A 4640 3734 4187 
65B 
76A 3930 4041 3986 
82D 4468 4247 4358 
82E 9230 
85 5970 4693 5332 8615 
Plant lead glaze 6030 4304 5167 9683 
Unglazed 5413 5223 4864 5167 10,645 8382 


* Semivitreous body. 
+ Vitreous body. 


(3) Second Plant Trial 

(A) Glaze 18 (Leadless, Zincless Glaze with Lithia 
and Strontia as Fluxes Replacing Lead and Increasing 
Substantially the Alumina and Silica Content): Glaze 
18 has proved in the laboratory, in plant trials, and in 
production to be one of the most dependable glazes of 
good appearance and properties to be developed in the 
investigation. Of the five glazes in the second plant 
trial only one other formula, the fluorine glaze No. 48, 
approached the brilliance and smoothness of No. 18, 
but it could not reproduce its firing range or craze re- 
sistance. The data in Tables V and VI show that glaze 
18 has sufficient compression to insure good glaze fit 
on the three types of semivitreous ware on which it was 
tried. At the one vitreous plant, the craze resistance of 
No. 18, although the best of the experimental glazes, 
was not good enough for it to be recommended. Later 
laboratory firing showed that the silica content of the 
glaze could be raised for vitreous ware with a definite 
improvement in glaze compression and with no adverse 
affects on appearance. 

(B) Glaze 18L (Low-Lead Glaze in Which 0.07 
Molecular Equivalent of PbO Replaces CaO in Empirical 
Formula of Glaze No. 18): The addition of lead at the 
expense of calcium increased the egg shelling of the 
surface instead of improving the appearance of glaze 18. 
Except for resistance to autoclave crazing and to 
chipping, there was no improvement in the physical 
properties. 

(C) Glaze 23Al (Simple Low-Lead Glaze Based on 
Formula of Glaze 23A): The replacement of 0.07 
molecular equivalent of CaO in glaze 23A with PbO 


increased the gloss but destroyed the smooth surface. 
All plates from the three semivitreous plants and the 
one vitreous plant were badly egg shelled in the second 
plant trial. On the semivitreous ware, the glaze re- 
sistance was good although below that of glaze 18. 
Glaze 23A1 could not be recommended for dinnerware 
production. 

(D) Glaze 29 (Medium Lead Glaze Based on Formula 
of Glaze 23A): The replacement of CaO with PbO was 
increased to 0.13 molecular equivalent in glaze 29. 
Although the gloss was slightly higher than No. 23A1, 
there was no improvement in the egg shelling of the 
surface and ware from semivitreous plant D was 
blistered. Since this was the only instance of blistered 
ware in the first and second plant trials, it is interesting 
to note that the one triaxial (Fig. 4) which produced 
blistered glazes contained approximately the same 
molecular equivalent of PbO. Although satisfactory 
dinnerware glazes in which the lead content has been 
reduced to one half have been developed, glazes of this 
type are in a critical area for blistering. 

Like No. 23A1, the plant trials results showed that 
glaze 29 cannot be recommended. 

(E) Glaze 48 (Sodium Silicofluoride Glaze with High 
Alumina and Silica): Because of the relative high 
expansion of glaze 48 (Fig. 5), it was not tried on 
vitreous ware in the plant trial. On semivitreous plates 
from the three plants, it produced a brilliant, smooth 
surface when fired above cone 4. The only defect was 
the presence of a few “‘pits’” resembling healed-over 
blisters. No blisters, as such, were found, however, on 
any of the 12 dozen plates tested. When the glaze was 
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glost fired below cone 4, its surface was rough and the 
gloss was substantially lowered. Its craze resistance 
was the poorest of the five experimental glazes. Some 
plates with glaze 48, however, were placed in use in a 
home and none has crazed after 2'/: years of service. 

(F) Summary of Results of Second Plant Trial: 
Glaze 18, fluxed with lithia and strontia, can be recom- 
mended as a dependable leadless glaze with good 
appearance and properties. The beneficial effects of 
fluorine as a lead replacement were shown by the results 
from glaze 48. Although the high expansion of this 
particular glaze formula eliminated it from use on most 
dinnerware, it provided the direction for further 
research. 


(4) Third Plant Trial 


(A) Glaze 54A (BaO Replacement of PbO in Standard 
Glaze with Increase in Alumina and Silica): The direct 
molecular replacement of BaO for PbO in glaze No. 1 
produced a brilliant glaze but one with a tendency to 
blister. By increasing the alumina and silica, this 
fault was eliminated. In the three semivitreous plants 
where glaze 54A was tried, the results were similar over 
a firing range extending from below cone 3 to cone 6 flat. 
The glaze exhibited more egg shelling than the glazes 
with lithia or fluorine, but it was less pronounced than 
the ware glazed with Nos. 23Al or 29. The glaze 
otherwise showed consistently good properties. It 
made a good showing in autoclave and thermal-shock 
testing, and its impact value and glaze compression 
were superior to the lead glazes in plant production. 

(B) Glaze 65B (Vitreous, Leadless Glaze with Baria 
and Strontia as Lead Replacements): This glaze was 
developed from several of the best glazes in the triaxial 
studies. In the laboratory, its appearance compared 
favorably with the lithia-strontia glazes on vitreous 
ware. In vitreous plant F, the glost firing ranged from 
below cone 1 to cone 4 tipped, which was the lowest 
heat-treatment any of the glazes received in the plant 
trials. Under these conditions, glaze 65B ranked first 
among the leadless glazes tried at plant F. Its gloss 
compared favorably with the lead glaze in production 
but there was evidence of slight egg shelling of the 
surface and lack of ability to heal over bare surfaces 
where the glaze had been brushed off before firing. 
The resistance to crazing and impact of glaze 65B on 
the 7-in. plates from plant F was superior to the lead 
glaze in production. 

At vitreous plant G, where the glazes were fired at 
cones 3 to 4, glaze 65B showed crazing on some plates 
after several days and it cannot be recommended for 
this plant. In appearance, this glaze ranked second 
to the fluorine glaze 82E, exhibiting a slightly egg- 
shelled surface. 

The presence of 0.13 molecular equivalent of ZnO in 
glaze 65B changed some underglaze colors at plant F 
from what they were under the zincless lead glaze in 
production. 

(C) Glaze 76A (Multiple-Flux Leadless Glaze Con- 
taining No Lithia): The glaze containing seven RO 
oxides was developed from end-member C of triaxial 
III. In flux-block tests fired to cone 08, its flow action 
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was similar to the standard lead glaze. This glaze 
thereby produced the earliest fusing point of any of 
the leadless glazes that contained no lithia, fluorine, or 
bismuth and in which there was no reduction of the 
alumina-silica content and no increase in the molecular 
equivalent of B,O;. The laboratory firings produced 
ware equal in gloss to the lithia-strontia glaze 18 and the 
resistance to crazing in autoclave and thermal shock 
was more than adequate. 

In the three semivitreous plants of the third plant 
trial, glaze 76A showed a great many entrapped bubbles 
of microscopic size below the surface. Most of the 
ware was glost fired at cones 5 or 6. One half of the 
plates were blistered at plant D, and there was egg- 
shelled ware at the other two semivitreous plants. 
Four dozen plates from plants B and C passed the auto- 
clave test and five cycles of thermal shock without a 
failure of any type. Six out of the 12 plates from plant 
D, however, crazed when they were subjected to the 
autoclave test, although there was no failure on the 
dozen plates from the same plant subjected to five 
cycles of the thermal-shock test. On the basis of glaze 
fit, No. 76A could be recommended only at plants B and 

At vitreous plant F, glaze 76A ranked second to No. 
65B in appearance and showed good resistance to craz- 
ing. Like No. 65B, the presence of ZnO changed 
several of the underglaze colors. Initial crazing at 
vitreous plant G eliminated its use for that body. 

Several months after the completion of the third 
plant trial, another semivitreous playt expressed inter- 
est in glaze 76A, and, using the same smelt of frit pre- 
pared for the plant trials, reground the glaze substitut- 
ing a soda feldspar for the potash feldspar used in the 
original batches. A series of test plates were dis- 
tributed from the top to the bottom of the kiln for firing 
at cones 4 and 5. All of this ware had the gloss and 
mirror smoothness of a lead glaze. The plant reported 
that thinner applications produced the best results, 
which may account for entrapped bubbles and blisters 
in plant trials where the glazes received a standard 
application. On the basis of this test, several dinner- 
ware plants used frit 76A in leadless and low-lead glazes 
which were put into production during the winter of 
1945. 

(D) Glaze 82D (Leadless Glaze High in Strontia and 
Zinc Oxide and Fluxed with Topaz): This glaze was 
tried in the three semivitreous plants. At plant B, it 
ranked first in appearance and compared favorably 
with the lithia-strontia glaze 18. The most serious 
defect from a visual standpoint was the presence of pits 
in the center of the face of several plates. The glaze 
was applied by hand spraying, and the pitting occurred 
where the glaze was thickest. To determine the effect 
of fluorine on overglaze decoration, an additional four 
dozen plates were glazed and decalcomania color was 
applied with gold and silver bands. After the ware had 
gone through the decorating kiln, an examination 
showed no change in the decalcomania or gold band 
from the lead glaze in production. Careful inspection, 
however, showed a mottled appearance on the silver 
band which was absent from the lead-glazed ware. 
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At plant C, the ware was more egg shelled than at 
plant A. The results from plant D showed plates, 
ranging from egg-shelled, unblistered ware to bright 
blistered surfaces to smooth, unblistered plates with 
high gloss. An analysis of the range of heat-treatinent 
received by the various types showed no <orreiation 
existing between the results and the cone to which the 
ware was fired. Examples of all types were found in 
some saggers. The ware was hand dipped at the same 
specific gravity, and the cones ranged from 4 to 6. 

(E) Glaze 82E (Vitreous Glaze High in Strontia and 
Zinc Oxide and Fluxed with Topaz): At vitreous plant 
F where the glazes received a glost fire below cone 4, 
glaze 82E was low in gloss and exhibited a tendency to 
crawl in the center of some of the plates. These results 
compare with those in the second plant trial where the 
fluorine glaze, No. 48, showed dull surfaces below cone 4 
but produced a bright, smooth glaze at cone 4 or above. 

At vitreous plant G, where the glazes were fired at 
cones 3 to 5, topaz glaze 82E not only produced a 
surface with high gloss and no blemishes but it was the 
only one of the leadless glazes tried which did not craze. 
In five cycles of the thermal-shock test, this glaze 
averaged 4.0 cycles passed as compared with 4.8 cycles 
for the lead glaze in production. 

The most serious defect in glaze 82E was its high 
content of zinc oxide, which precludes its use over 
many underglaze colors. The next step in the research 
was to eliminate the zinc oxide, and this formed the 
basis of the glazes tried in the fourth plant trial. 

(F) Glaze 85 (Simple Leadless, Zincless Glaze Based 
on Formula of Glaze 23A): By increasing the BO; 
content to 0.31 molecular equivalent, reducing the 
Na,O content, and replacing with K,O and CaO, glaze 
85 was developed from No. 23A. The new glaze not 
only fused at a cone earlier by the flux-block test but 
exhibited better glaze fit. 

In the semivitreous plants, there were a good many 
examples of the smooth vellum-mat glaze produced by 
No. 23A in the first plant trial. Glaze 85, however, had 
a short firing range and became badly egg shelled when 
overfired. At no time could it be recommended as a 
satisfactory bright glaze, and its use as a mat would be 
restricted to a comparatively narrow firing range. Its 
resistance to crazing and impact was good. 

On vitreous ware, the results were similar. At plant 
F, where the cone 2 firing was obtained, there was evi- 
dence of a semiopaqueness of the glaze. Underglaze 
colors were also changed from what they were under a 
lead glaze; the most noticeable example was changing a 
green to turquoise. The same green was altered to 
various shades of brown-green by the leadless glazes 
containing zinc oxide. 

(G) Summary of Results of Third Plant Trial: None 
of this group of leadless glazes surpassed the consis- 
tently good results obtained from the lithia-strontia 
glaze, No. 18, in the second plant trial. Glaze 76A 
produced a beautiful glaze when compounded with a 
soda feldspar and fired with a thinner application at 
cones 4to5. The firing range, however, was short, and 
the glaze was sensitive to the grinding procedure. 
Fluorine glazes 82D and 82E showed that the high 


alkali content of glaze 48 could be reduced, resulting in 
lower expansion and good craze resistance. But al- 
though many beautiful glaze surfaces were produced 
with the fluorine flux, the results were not consistent 
and a part of the test ware showed serious blemishes. 
The baria glazes, 544A and 65B, showed consistently 
good results in all the trials but no plates were com- 
pletely free from egg shelling. Glaze 85 produced some 
examples of a very smooth mat glaze, but indicated a 
short firing range. 


(5) Fourth Plant Trial 

(A) Glazes 83F and 84G (Zincless and Low-Zinc, 
Leadless Glazes Fluxed with Strontia and Topaz): To 
produce a glaze which would not change underglaze 
colors on vitreous ware, glazes 83F and 84G were 
selected as the best compositions from a series of modi- 
fications made in No. 82E and designed to eliminate the 
zine oxide. This laboratory study also made necessary 
adjustments required in the alumina-silica content 
to fulfill the needs of the changed RO constituents. 

In the trial conducted at vitreous plant E, both 
glazes showed similar results and reproduced the quality 
of surface shown by No. 18 in the second plant trial. 
When tried over a series of underglaze colors including a 
chrome-green stain, glaze 83F showed no changes from 
the lead glaze; and glaze 84G, containing a reduced 
quantity of zinc oxide, changed only the chrome-greens. 

In the tests of physical properties, glaze 83F showed 
no crazing after five cycles of the thermal-shock test 
and produced the same impact value as the lead glaze 
in production. The glaze fit of glazes 83F and 84G on 
the ware from vitreous plant E was better than No. 18 
in the second plant trial. 


(6) Fifth Plant Trial 

(A) Preliminary Laboratory Investigation: When 
glaze 18 was placed in production in several plants dur- 
ing the winter of 1945, one of the serious objections 
raised from the practical standpoint was the high cost 
of the frit as a result of the use of 3.5% lithium car- 
bonate in the batch. A laboratory study was im- 
mediately started to reduce the lithia content of the 
glaze and to investigate the possibility of introducing 
lithia in other forms. 

The molecular formula of glaze 18 had already been 
recalculated on the basis of introducing the entire lithia 
content in the form of lithospar. To furnish the 0.10 
molecular equivalent of Li,O in the empirical formula, 
it was necessary to use a mill addition of 47% lithospar. 
Laboratory firing showed the two glazes to be identical 
in appearance, and the flux-block tests resulted in the 
lithospar glaze fusing approximately one-half cone later 
than the lithium carbonate glaze 18. 

Glaze 80 replaced the Li,O in No. 18 with K,O, and 
glaze 81 further replaced the SrO with CaO. The 
effects of these molecular replacements on the fusing 
temperatures of the various glazes are shown in Fig. 6. 
The use of Li,O and SrO in No. 18 as contrasted with 
molecular replacements of K,0 and CaO in glaze 81 
reduces the fusing temperature of the glaze from cones 
04 to 08. 
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Fic. 6.—Flux-block tests of glazes 18, 80, and 81. 

A series of modifications based on glaze 80 were 
tried in the laboratory to select the best compositions 
for plant trial. The commercial price for large quanti- 
ties of frit SO was approximately 6'/, cents a pound 
compared with 11'/; cents for frit 18. 

Additions of small amounts of lithium carbonate 
(glaze 8OC) and lithium fluoride (glaze SOB) were added 
as mill additions to glazes using frit 80. To introduce 
0.04 molecular equivalent of Li,O in the empirical 
formula, it was necessary to use 0.665% lithium fluoride 
or 0.945% lithium carbonate. It was possible to add 
0.016 additional molecular equivalent of Li,O with a 
mill addition of 7.5% lithospar. 

The glaze with the lithium fluoride and lithospar re- 
quired the same water content to adjust to spraying 
viscosity as No. 18 which was being used in the plants. 
The glaze with the lithium carbonate and lithospar, 
however, showed a viscosity value of 26.6 compared 
with 23.8 for the lithium fluoride-lithospar glaze after 
both had been ground for 15 hours in the ball mill with 
the same water content. The additional water re- 
quired to bring the lithium carbonate glaze to spraying 
viscosity amounted to 3% of the dry weight of glaze. 
This difference in viscosity between glazes 80B and 
80C, in which the only difference was that No. 80B 
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Fic. 7.—Flux-block tests of glazes 18, 80A, 80B, and 80C. 


TABLE VII 


PERCENTAGE COMPOSITION OF FLUx-BLOcK GLAZES IN 
Fics. 6 AND 7 


Glaze No. 

Oxide 18 80 81 80A 80B 80C 

Li,O 1.03 0.40 0.56 0.57 
Na,O 2.55 2.49 2.55 1.87 1.58 1.59 
K,O 1.29 4.41 4.52 4.09 4.04 4.06 
CaO 8.43 8.25 11.34 8.25 8.27 8.31 
MgO 2.05 2.01 2.06 2.01 2.01 2.02 
SrO 5.34 5.22 5.22 5.24 5.26 
AhO; 12.22 11.95 12.25 11.96 11.98 12.04 
B,O; 5.51 5.39 5.52 5.39 5.40 5.43 
SiO. 61.59 60.27 61.76 60.29 60.41 60.72 


F, 0.51 0.51 


100.01 99.99 100.00 99.99 100.00 100.00 


contained 0.665% lithium fluoride while the more vis- 
cous No. 80C contained 0.945% lithium carbonate, is a 
reflection of the lower solubility of fluoride over the 
carbonate.'! 

The relative solubility of lithium fluoride compared 
with most raw glaze ingredients suggests the advisa- 
bility of incorporating the material in the frit. The 
plant trials, however, showed no evidence from ques- 
tioning the sprayers and dippers who handled the glaze 
or from an examination of the dried and fired properties 
of the ware that the addition of 0.665% lithium fluoride 
caused any of the disadvantages associated with glazes 
containing soluble ingredients. Laboratory tests, how- 
ever, indicated that such was not the case with the 
0.945% raw lithium carbonate glaze, 80C, and for this 
reason it was not judged advisable to try it in the 
plants. Flux-block tests of the two types of glazes 
containing the same molecular equivalents of Li,O, 


1 The solubility of LiF is based on the work of J. H. 
Payne, “Solubility of Lithium and Sodium Fluorides,” 
Jour. Amer. Chem. Soc., 59 {5} 947 (1937) as follows: 


Gm./100 gm. H,O 
0 0.120 

25 .133 

35 .135 


The solubility of Li,CO; is given by N. A. Lange, Hand- 
book of Chemistry, p. 160, Handbook Publisher, Inc., 
Sandusky, Ohio, 1939, as follows: at 0°C., 1.54 gm./100 


gm. H,0. 
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moreover, showed the lithium fluoride glaze to be more 
fusible. This is shown in Fig. 7. 

From the laboratory study, the glazes selected as 
possessing the most practical properties and whose cost 
would be below that of glaze 18, were No. 80 in which 
K.O replaced the Li,O, No. 80A in which 0.041 Li,O 
was introduced in the form of lithium fluoride, and No. 
80B in which 0.057 Li,O was introduced by a com- 
bination of lithium fluoride and lithospar. To provide 
a standard of comparison, glaze 18 was prepared in the 
same fashion as it was used in the second plant trial 
and put through the kilns with the new glazes. The 
pyrophyllite, used to prepare the commercial frits and 
glazes, accounted for the slight modifications in the 
empirical formulas of glazes 80, SOA, and 80B as con- 
trasted with No. 18 (Table I). The most significant 
change is an increase in the SiO, content of approx- 
imately 0.15 molecular equivalent. 

(B) Glaze SO Replaces in Glaze 18 with 
Small Change in CaO and SiO, Contents): The observ- 
able difference between this glaze and the lithia-bearing 
glazes was small. Glaze 80 produced more ware on 
which the surface showed slight egg shelling and the 
gloss was lower. Its appearance was better than the 
glazes tried in the third plant trial on the ware from 
the same three semivitreous plants except for the best 
plates of the fluorine glaze 82D. The results with 
glaze SO, however, were consistent while with 82D 
they were variable. The resistance to crazing of glaze 
80 on ware from plants B and C was good, but the glaze 
cannot be recommended on the plant D body. 

(C) Glaze SOA (Introduction of 0.041 Li,O in Glaze SO 
at Expense of Two Other Alkalis; Use of 0.6650 Lithium 
Fluoride): At plant C there was no observable differ- 
ence between the results of glazes 18S and SOA. Both 
showed some evidence of egg shelling and the gloss was 
the same. Both were inferior to the results obtained 
with glaze 18 in the second plant trial. The explana- 
tion may lie in the different thicknesses of application, 
When the glazes were put into production, each plant 
had to work out the proper application for its body and 
firing conditions. For the same glaze, this would vary 
from plant to plant. 

At plants B and D, glazes 18 and SOA had good 
appearance and for the most part were free from egg 
shelling. In both cases, No. SUA was slightly better in 
appearance; it also showed good resistance to crazing 
in the autoclave, and there were no failures in the 
thermal-shock test on ware from plants B and C. The 
plant D plates passed an average of three cycles of this 
test before crazing. All three glazes made from frit 80) 
showed higher impact values than glaze 18 at the three 
plants. 

(D) Glaze SOB (7.4% of Lithospar Adds 0.016 Li.O to 
Glaze SOA at Expense of Alkalis): For the most part, 
there was no difference between the appearance of 
glazes SOB and S80A except that the lithospar glaze 
showed the presence of small blisters on some of the 
plates from two of the plants. For this reason, glaze 
SOA was selected as the better of the two. Glaze S0B 
showed greater resistance to thermal-shock crazing than 
80A but poorer ability to withstand autoclave crazing. 


Journal of The American Ceramic Society—Orlowski and Marquts 


(7) Summary and Recommendations from Plant 
rial Results 


For semivitreous ware, the following glazes are 
recommended: 

(A) Glazes 18 and 80A: These two lithia-strontia 
leadless glazes produced the most consistently good re- 
sults in appearance and physical properties of any of 
the experimental formulas tried. Since the restrictions 
on the use of lead for dinnerware glazes, several semi- 
vitreous plants have blended glaze 18 with the standard 
lead glaze and, by making some adjustments in grinding 
and thickness of application, have turned out ware 
with high gloss and smooth, unblemished surfaces. A 
recent plant trial has showed glaze SOA to produce the 
same results as No. 18 and at less cost. 

(B) Glaze 5A1l: For a dinnerware glaze containing 
one half the normal lead content, glaze 5A1 is recom- 
mended. 

(C) Glaze 76A: For an inexpensive, leadless glaze, 
No. 76A has had good results in production; its firing 
range is shorter than the lead glazes or the lithia- 
strontia leadless glazes, and it is sensitive to the grinding 
procedure; when the proper adjustments have been 
made, however, its gloss and smoothness are excellent. 

(D) Glaze 82D: This glaze must be fired to cone 4 
or above for good results; in the plant trials, its proper- 
ties changed with the various semivitreous bodies; its 
recommendation must be restricted to bodies similar to 
that used by plant B. 

(E) Glaze 54A: This glaze produced consistently 
good results over a cone 3 firing range and adjusted it- 
self to different types of body; however, it always 
showed some evidence of egg shelling and is recom- 
mended mainly for hollow ware where the vertical sur- 
face allows for a slight flow resulting in a smoother glaze 
texture. 

For vitreous ware, the following glazes are recom- 
mended : 

(A) Glazes 83F and 84G: These fluorine glazes 
showed the best resistance to crazing on vitreous ware 
of the glazes with good appearance. Zincless glaze 83F 
did not change a series of underglaze colors from their 
appearance under a zincless lead glaze; No. 84G is 
recommended where a glaze with an average content of 
zinc oxide is required. 

(B) Glazes 18 and SOA: These lithia-strontia glazes 
will not fit all vitreous bodies, but laboratory tests have 
indicated that the silica content can be increased on 
vitreous ware without destroying the desirable visual 
properties; glaze 18 has not changed a series of under- 
glaze colors from their shades under a zincless lead 
glaze. 

(C) Glaze 635B: This baria-strontia glaze will not fit 
all vitreous bodies, but at one vitreous plant it showed 
better resistance to crazing than did the lead glaze in 
production; this glaze contains 0.13 molecular equiva- 
lent of ZnO and will change some underglaze colors 
from their appearance under a zincless glaze. 


IV. Summary and Conclusions 


(1) Leadless and low-lead dinnerware glazes, matur- 
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ing in the range of cones 4 to 6 and fitting both vitreous 
and semivitreous bodies, can be produced. 

(2) Leadless, zincless glazes of the vellum-mat type 
can be made with a formula containing only the follow- 
ing oxides: Na,O, K,O, CaO, MgO, Al,O;, B.O;, and 
SiO,. 

(3) Unless additional fluxes are added to replace 
lead, the glaze will have lower gloss and be more sus- 
ceptible to egg shelling of the surface; this is true 
especially on semivitreous ware. 

(4) Fluxes which can be substituted satisfactorily for 
lead, either alone or in combination, are as follows: 


Flux Group Molecular equivalents 
(1) Barium oxide RO 0.10-0. 26 
(2) Strontium oxide RO . 10-0. 26 
(3) Lithium oxide RO .04-0.10 
(4) Bismuth oxide R:O; .03-0.12 
(5) Fluorine RO, . 20-0. 80 


(5) Increasing the number of oxides in a leadless 
glaze improves its fluxing properties. 

(6) Where zinc oxide does not harm underglaze 
colors, it increases the gloss of a leadless glaze and 
improves glaze fit; it can be used up to 0.30 molecular 
equivalent in the RO group. 

(7) Although MgO is not a strong enough flux to 
replace lead, it is a valuable constituent in a leadless 
glaze in amounts up to 0.15 molecular equivalent; its 
low thermal expansion helps compensate for the in- 
creased alkali content in many of the formulas. 

(8) If a leadless glaze is to maintain good fit on 
American dinnerware, the alkali content should not be 
above 0.28 molecular equivalent. 

(9) In many leadless glazes, the B,O; content cannot 
be above (0.35 molecular equivalent without causing 
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blistering, softening of the glaze surface, or injury to 
underglaze colors. Satisfactory leadless glazes con- 
taining as low as 0.23 B,O; have been developed. 

(10) As a result of the nature of the eutectic glasses 
involved, the leadless glaze will require more alumina 
and silica than the standard lead glaze. An exception 
to this is the high zine glaze, which will require less 
silica to produce equilibrium with the base oxides. 

(11) The firing range of most leadless glazes is limited 
to two or three cones in the dinnerware glost range. 
Plant trial results have shown that the same leadless 
glaze will produce widely varying results when fired in 
different plants. This is an indication of the sensi- 
tivity of leadless glazes to grinding, application, and 
firing treatment. 

(12) Leadless glaze formulas have been developed 
which will not change underglaze colors. The sharp 
outlines of patterns are more easily maintained with 
these glazes than with those containing lead. 

(13) Leadless glazes without barium carbonate are 
free from any poisonous materials. 
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LABORATORY CORROSION TESTS OF ROTARY LIMEKILN REFRACTORIES* 


By Gorpon R. PoLe AND ALFRED W. BEINLICH, JR. 


ABSTRACT 


A modification of the Hugill, Ainsworth, and Green laboratory method for determin- 
ing the corrosive action of lime on refractories was used to indicate the best refractory 


for rotary limekilns. 


superduty, and two first-quality, stiff-mud refractories were tested. 


An intermediate handmade refractory, two high alumina, two 


It was found that 


the depth of penetration of the lime attack decreases with an increase in alumina content 


of the refractory. 


Better resistance of the 70% aluminous refractories to slagging was 


indicated by the small-scale tests which were substantiated by plant-scale operation. 


|. Introduction 
Early in 1943, the Tennessee Valley Authority started 
operation of three rotary limekilns to supply burnt 
lime for the production of calcium carbide. Each kiln 


* Listed on the Forty-Seventh Annual Program, The 
American Ceramic Society (Refractories Division, No. 4). 
Received July 5, 1945. 
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was 125 ft. long by 8 ft. inside sheli diameter. The first 
45 ft. of the kiln from the firing end was lined with 9-in. 
rotary kiln block, and the remainder of the kiln was 
lined with 6- by 12-in. side-arch refractories. The re- 
fractory linings, which were originally installed in 1918 
when the kilns were constructed, consisted of handmade, 
fire-clay refractories with a pyrometric cone equivalent 
of 31 and 29 for the 9- and 6-in. shapes, respectively. 


j 
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Powdered coal, prepared in Raymond bowl mills, was 
used as fuel in the kilns. During operation, the tem- 
perature of the hot zones averaged approximately 
1400°C. (2552°F.) (optical) at a production rate for 
each kiln of about 6 tons of burnt lime per hour. 

Observation of the limekilns showed that they were 
being operated with fairly large ring formations approxi- 
mately 17 to 22 ft. from the firing end. The hottest 
zone, and the area of most severe corrosion of the re- 
fractory, was immediately in front (the side nearest the 
firing end) of the ring formation. The ring formed a 
barrier for the material as it progressed through the kiln. 
This ring formation also offered an ideal surface upon 
which fly ash from the burner could impinge. Since 
fly ash is essentially an iron-aluminum silicate, an 
easily fusible lime-iron-aluminum silicate glass could 
readily form at this point. Failure to remove the rings 
tended to aggravate the corrosive action at the firing 
side of the ring with consequent rapid corrosion of the 
refractory lining. 

Approximately 4'/, months after the start of the lime- 
kiln operation, the first refractory failure occurred in 
the hot zone of the kiln, immediately adjacent to the 
ring formation. The lining was repaired with 9 in. of 
superduty-refractory arch shapes, which had been 
recommended by a consultant as satisfactory for this 
purpose. The superduty lining lasted only 4 to 6 weeks 
under the operating conditions in effect. Samples of 
slag recovered from the refractory surfaces and from 
the ring formation showed the following compositions: 


Composition of slags from limekiln 
Composition (%) 
CaO 


Igni- 
~ tion 
SiOz: loss 


Glassy slag from super- 
duty refractory 
Slag from limekiln ring 


46.0 23.8 27.9 1.6 


82.0 0.4 10.5 6.6 0.6 


Since operation of the lime kilns under the conditions 
described not only was a costly procedure but also inter- 
fered with the production of lime necessary for main- 
tenance of the carbide operation, a study of the prob- 
lem was initiated. Although past experience and 
information found in the literature! suggested the use 
of a high alumina type of refractory, it appeared ad- 
visable to carry out laboratory lime slagging tests on 
the refractories in the kiln and on high alumina re- 
fractories to determine the relative resistance of these 
materials before proceeding with plant-scale tests. 
This paper gives a brief description of the simple 
laboratory corrosion test and of the results of labora- 
tory and plant-scale tests with high aluminous linings. 
The laboratory test employed is a modification of one 
proposed by Hugill, Ainsworth, and Green.? 


1 (a) W. F. Rochow, ‘‘Properties and Applications of 
Modern Refractories,’’ Chem. Met. Eng., 42 [2] 70-80 
(1935); Ceram. Abs., 14 [11] 281 (1935). 

(b) A. B. Searle, ‘British Comments on Lime Kiln 
Refractories,” Rock Products, 28 [11] 49-50 (1924); Ceram. 
Abs., 4 [8] 220 (1925). 

2 W. Hugill, R. L. Ainsworth, and A. T. Green, ‘‘Action 
of Slags on Refractory Materials: II, Some Observations 
on Corrosive Action of Lime on Aluminous Fire-Clay 
and Silica Bricks,’’ Jron & Steel Inst., Special Rept., No. 
26, pp. 351-57 (1939); Ceram. Abs., 18 [8] 211 (1939). 
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ll. Test Procedure 

Burnt lime from the plant was ground to pass a 20- 
mesh screen, moistened with 25% by weight of water, 
and pressed at 3000 Ib. per sq. in. into cylinders approxi- 
mately 1'/s in. in diameter by 1'/s in. high. The 
cylinders averaged approximately 24.5 gm. in weight 
and contained 17.7 gm. of CaO. (The impurities in 
the lime averaged approximately 1.7 MgO, 1.5 SiOs, 
0.2 FesOs, 0.05 S, 0.02 POs, and 0.08% F). The lime 
cylinders were placed centrally on the uncut face of half 
brick (4'/2- by 4/2-in. size) or on pieces of refractory of 
comparable dimensions. The test brick were set level 
in a Globar furnace so that the temperature differences 
between specimens would be small. The test specimens 
were then heated to 1450°C. in 21 hours and were held 
at this temperature for 2 hours. The rate of heating 
was approximately 69°C. per hour. The specimens then 
were allowed to cool (approximately 18 hr.) in the 
furnace before they were removed for examination. The 
average diameter of the zone of reaction of the lime 
cylinder was measured across the surface of tse brick. 
The specimens then were cut vertically through the 
center of the reaction zone with a silicon carbide saw, 
and the depth of penetration was measured. The chem- 
ical and physical properties of the refractories used in 
the test are given in Table I; the results of the cor- 
rosion test are given in Table II; and photographs of 
the refractories after testing are shown in Figs. 1 and 2, 


Ill. Results 


The high alumina refractories, No. 1 and No. 2, were 
unaffected by contact with the lime cylinders. The 
cylinders showed some shrinkage but retained their 
shape, and the interface between the brick and lime 
cylinder showed no evidence of reaction between the 
two materials. These results are in accord with in- 
formation found in the literature. Norton’ has re- 
ported that rotary limekilns are now being lined with 
refractories similar to those being used in Portland 
cement manufacture and that high alumina and mag- 
nesite refractories are some of the most commonly 
used hot zone lining materials. Lea and Desch‘ state 
that ordinary firebrick linings are used in rotary cement 
kilns for low-temperature clinkering operations but for 
best results high alumina materials are the most re- 
sistant to cement clinker. Sonntag® also reports that 
the use of 70% Al,O; brick in the hot zone of rotary 
cement kilns has resulted in improved service and recent 
trials have indicated that magnesite brick have given 
even better service. 

The refractories other than those of high alumina 
content showed vigorous reaction with the lime cylin- 
ders, and the slag penetrated into the body in varying 


3 F. H. Norton, Refractories, 2d ed., p. 687. McGraw- 
Hill Book Co., Inc., New York, 1942; Ceram. Abs., 22 
[6] 102 (1943). 

4F. M. Lea and C. H. Desch, Chemistry of Cement and 
Concrete, p. 23. Longman’s Green & Co., Ltd., London, 
1935; Ceram. Abs., 15 [9] 267 (1936). 

5 C. H. Sonntag, “Selecting the Proper Refractory for 
Hot-Zone Linings of Kilns,” Rock Products, 41 [2] 52-53 
(1938); Ceram. Abs., 17 [5] 188 (1938). 
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5 Fic. 1. 


Resistance of refractories to corrosion by lime (top view after completion of tests); 


of refractories. 


Fic. 2.—Resistance of refractories to corrosion by lime (sectional view after completion of tests); see Table I for 
description of refractories. 
TABLE I 
CHEMICAL AND PHYSICAL PROPERTIES OF REFRACTORIES USED IN CORROSION TEST 
Cold 
Composition (%) Absorp- Apparent Specific gravity enuiian 
No. Type of refractory Al:O; SiO: Fe:0; TiO: (%) (%) Bulk Apparent (lb./sq. in.)* 
1 70% ALO; 69.5 23.3 2.0 3.4 10.0 23.8 2.38 3.12 4620 
2 60% AlO; 60.6 32.9 1.1 3.0 19.1 35.9 1.89 2.94 2128 
3 Superduty A 39.5 54.3 2.1 2.1 5.0 12.0 2.37 2.70 4930 
4 Superduty B 40.5 56.5 1.0 1.0 6.5 15.1 2.26 2.67 3510 
5 First-quality stiff-mud C 40.4 56.1 1.5 1.8 4.9 11.4 2.30 2.60 6680 
6 First-quality stiff-mud B 36.5 55.8 2.5 1.9 7.4 16.5 2.22 2.65 7100 
7 Handmade kiln blockt 34.9 60.2 1.9 10.9 22.6 2.06 2.66 1015 
* Crushing strength of half brick laid flat. 
+ Original lining (1918) in hot zone of kiln. 
TABLE II 


degrees (see Figs. | and 2). The depth of penetration 
decreased with an increase in alumina content of the re- 
fractory (see Table II). The high alumina refractories 
showed no reaction with lime, and the old (1918) 
handmade kiln block (No. 7) showed the deepest slag 
penetration. A sample of the slag obtained from brick 
No. 6 had the following analysis: 25.8 CaO, 28.8 
Al,O;, 43.5 SiO», and 2.8% Fe;O;. The CaO, Al,O;, 
and SiO, contents of this slag, assuming all the R,O; 
content as Al,O3, when located on the three-component 
phase diagram falls in the field of anorthite. The 
presence of the fourth component, 2.8% of Fe,O,, 
may be expected to result in a somewhat lower melting 
point. This slag composition is probably quite similar 
to that found by Hugill, Ainsworth, and Green? when 
they reacted lime with a similar type brick; although 
they did not make chemical analyses of the slags, they 
did make a petrographic study of the reaction zones. 
The CaO, Al,Os;, and SiO, contents of the slag, assuming 
that all the R,O; content is Al,O;, formed by reaction 
of lime with the superduty brick used in the plant kiln 


(1945) 


RESULTS OF REFRACTORY CORROSION Test USING PRESSED 
Lime CYLINDERS 


Corrosion area Penetration 
Brick No. AlOs (%) diameter (in.) depth (in.) 
No apparent 
1 69.5 reaction None 
No apparent 
2 60.6 reaction None 
3 39.5 2.19 0.50 
4 40.5 2.25 0. 56 
5 40.4 2.63 0.69 
6 36.5 2.38 0.75 
7 34.9 2.50 1.94 


places this composition in the field of gehlenite. While 
the presence of a fourth component, 1.6% of Fe,O3, may 
be expected to lower the melting point, the resulting 
slag is probably somewhat more refractory than the 
slag from brick No. 6. Hugill, Ainsworth, and Green? 
identified the presence of corundum in the lime slags 
from high alumina brick, mullite, and anorthite for the 
more normal fire-clay refractories and quartz with 


Laboratory Corrosion Tests of Rotary Limekiln Refractories 7 
Table I for description 
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cristobalite basindaries in the more siliceous refractory 
materials. Although these investigators did not detect 
gehlenite, they state that its presence is probable. 

On the basis of these tests, a 70% aluminous lining of 
9-in. rotary kiln block was installed in about 15 ft. of 
the hot zone of one of the rotary limekilns. The new 
lining covered the area where the most severe corrosion 
had occurred. This lining was subjected to approxi- 
mately the same service conditions as those previously 
described for the 9-in. superduty brick lining. It was 
found that the 70% aluminous lining lasted for approxi- 
mately 8 months before major repairs were required or 
approximately five times the maximum life obtained 
with the superduty lining. The plant test substan- 
tiated the laboratory tests, which indicated that the 
70% alumina refractory was much more resistant to 
corrosion by lime than the normal fire-clay refractories. 
Although the laboratory test does not give an indication 
of the actual service to be expected from refractories, 
this test was considered to be valuable as a quick 
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method of weeding out undesirable refractories or for 
testing new types of refractories for limekiln linings. 
It is also possible that a more thorough study of the 
mineralogical properties of the slag with the micro- 
scope and X ray would result in obtaining additional 
valuable information. 


IV. Conclusions 

It was found that the depth of penetration of the 
lime attack decreases with an increase in alumina con- 
tent of the refractory. 

Laboratory tests using a modification of the Hugill, 
Ainsworth, and Green procedure* gave rapid and re- 
liable information relative to the comparative resistance 
of different types of refractories to corrosion by lime; 
the results of the laboratory tests were substantiated 
by plant-scale operation. 
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OLIVINE, A SUGGESTED SOURCE OF MAGNESIA* 


By Georce W. PAWEL 


ABSTRACT 


The status of olivine as a source of magnesian materials is briefly reviewed and a con- 
venient cyclic process for extracting its values by use of hydrochloric acid is recommended. 
Magnesia for refractories, cements, insulation, and fertilizers is proposed as the end 


product instead of the customary magnesium chloride for use in electrolytic cells. 


Eco- 


nomic reasons justifying this recommendation are given. 


|. Introduction 


(1) Olivine as Source of Magnesia for Refractories 

Olivine is one of the richest magnesia carriers and 
occurs in the United States as abundant and easily ac- 
cessible country rock close to the Tennessee Valley 
Authority limits of western North Carolina and in the 
Puget Sound area of the State of Washington. 

The percentage chemical composition of a typical 
North Carolina olivine is as follows: MgO 48 to 50, 
SiO, 39 to 43, FeO 8 to 10, Al,O; 2 to 4, CroO3 0.2 to 0.4, 
MnO, 0.1 to 0.2, NiO 0.0 to 0.3, and CaO 0.0 to 0.1. 

The refractory possibilities of the raw untreated 
material, which has an average P.C.E. value of 35 
(1785°C.), have been recognized by brick users and 
manufacturers who have tried to introduce the raw 
olivine into certain furnace and kiln applications, both 
in the form of rough cut blocks and as brick or concrete 
shapes, with or without magnesia additions and bonded 
with Lumnite or similar cement. The unfortunate 
spalling characteristics of the crystalline mineral, how- 
ever, have precluded its wide acceptance for high- 


* Received May 15, 1945. 


temperature applications except in a few locations 
where the spalling tendency can be controlled and 
where resistance to acid slags is not a factor. Crushed 
olivine has also been considered for use as a foundry 
sand, but, in spite of the relatively intense sales effort, 
the annual consumption of this material for all of these 
uses in prewar years never exceeded four or five thou- 
sand tons. 


(2) Chemicals and Olivine 

The chemical possibilities of olivine also have not 
been overlooked. Gillis and Pawel! started active re- 
search on this problem in 1937, and after nearly three 
years of experimental work, a small pilot plant was set 
up at Webster, North Carolina, fifty miles west of Ashe- 
ville, close to the largest olivine outcrops. Sulfuric acid 
was employed to decompose the mineral, and the ordi- 
narily difficult operations of separating and washing 
gelatinous siliceous and iron residues were largely over- 
come by controlled neutralization and dehydration pro- 


1G. W. Pawel, “Olivine, Potential Source of MgO,” 
Mining & Met., 23 [426] 331-35 (1941); Ceram. Abs., 22 
{5] 85 (1943). 
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Olivine, Suggested Source of Magnesia 


-Olivine quarry near Sylva, North Caroalina. 


Fic. 1 


TABLE I 
MAGNESIA CONTENT OF MAGNESIAN RAw MATERIALS 


Raw material Avg. MgO content (%) 


Olivine, 2(Mg, Fe)O-SiO, 48-50 
Serpentine, Mg;SieO;-2H,O 38-40 
Magnesite, MgCO,* 45 
Dolomite, Ca, Mg(CO;).2 21 
Brines 244 
Sea water 0.2 


* Brucite, Mg(OH), is not included in this list because 
the known deposits of commercial size are seldom richer in 
magnesia than are the average magnesite ores. 


cedures. The purified leach liquors were evaporated 
and crystallized to MgSO,-7H,0 (Epsom salts), which 
was sold to the local tanneries. These studies led to 
the discovery that hydrochloric acid could be substi- 
tuted for sulfuric as a decomposer of the olivine and 
MgCl, similarly produced. 

Additional research has been conducted since 1940- 
1941 by private and government agencies, and foolproof 
commercial methods of extraction have been rather 
adequately demonstrated. These processes for the 
most part contemplate the production of magnesium 
chloride in a more or less anhydrous form for use in the 
magnesium cell.?- This salt, however, is already being 
produced by large and well-established companies, 
which are unquestionably prepared to meet all competi- 
tion in their field. The method proposed here, there- 
fore, favors the production of magnesia rather than mag- 
nesium chloride for sale as a refractory, Sorel cement, 
rubber catalyst, insulation, fertilizer, and a score of other 
applications. 


ll. Extraction of Magnesia from Olivine 
The method of extracting magnesia from olivine (or 
serpentine) is simple and involves hydrochloric acid 
attack on the raw ground mineral followed by thermal 
dissociation of the resulting chloride salt. The cycle 
may be expressed by equations (1) and (2). 


2 (a) E. C. Houston and H. S. Rankin, ‘Olivine as 
Source of MgCl,”” Amer. Inst. Mining & Met. Engrs. Tech. 
Pub., No. 1484; Mining Tech., 6 [4] 4 pp. (1942). 

(6) E. C. Houston, ‘‘Magnesium from Olivine,’”’ A mer. 
Inst. Mining & Met. Engrs. Tech. Pub., No. 1828 (1945). 

(c) H. Brandenburg, ‘‘Magnesium from Serpentine,” 
U. S. Pat. 2,345,655, April 4, 1944. 
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In reaction (1), soluble MgCl, (and FeCl,) and in- 
soluble silicic acid are the products, and reaction (2) 
yields marketable MgO plus hydrochloric acid and 
steam, which are cyclically returnable to equation (1). 

Essentially complete decomposition of the mineral 
may be obtained in practice by the reaction shown in 
equation (1); it is inadvisable, however, to aim for this 
goal but rather to secure a high acid recovery by pro- 
viding a definite excess of the basic mineral. Olivine is 
an easily quarried country rock, relatively inexpensive, 
and a common recovery of 80 to 85% of its MgO con- 
tent is satisfactory for commercial operations. 

Difficulties in handling the released silicic acid (equa- 
tion (1)) and iron hydroxides, which in the past have 
been partly responsible for the reluctance to consider 
wet-extraction methods for the silicate ores, have now 
been overcome by careful control of residual acid and 
the degree of hydration of the reacted mixes. It has 
been found in practice that the water-leach solutions of 
equation (1), even of fairly high densities but carrying 
the silicic acid and iron hydroxides in an amorphous or 
nongel state, may be thickened and/or filtered with 
reasonably satisfactory facility. 

The resultant strong magnesium chloride liquors, 
further purified if desired, are ordinarily evaporated to 
the stable salt, MgCl.-6H,O, before the decomposition 
step of equation (2). 

The hexahydrate salt at this stage may be dehydrated 
in accord with well-known practice, and the resulting 
almost water-free material may be used as cell feed for 
the electrolytic recovery of magnesium metal, a practice 
in use by Dow, Basic Magnesium, and other companies. 
Although such procedure is admittedly possible and 
feasible, it must be recognized that production costs 
of anhydrous MgCl, thus made from olivine can hardly 
be sufficiently lower than those reached by other low- 
cost manufacturers, already well established, to war- 
rant the adaptation of the new raw material. The ad- 
vantage of the immediate cyclic reuse of the strong HCl 
released on decomposing the salt, moreover, would be 
lost if the solutions were laboriously dehydrated to the 
anhydrous state for use as cell feed. 

Magnesium chloride hexahydrate, calcined below 
170°C. in air, readily gives up four of its molecules of 
water, and the dihydrate forms without hydrolysis. 
Beyond 170°C., however, the salt decomposes rapidly, 
yielding MgO and HCl as shown in equation (2.) 
Therefore, whereas this property of MgCl,-2H,O to 
dissociate on heating constitutes a troublesome problem 


2(Mg, Fe)O'SiOs = 2MgCh + (FeCh) + 
Olivine 
H,0-SiO, + H,O (1) 


MgCl,-2H;0 (at 750°C.) = MgO + 2HCI + H,O (2) 


to the manufacturers of anhydrous salt, it provides the 
basis for a convenient cyclic process for the preparation 
of MgO in which the hydrochloric acid is continuously 
regenerated, and olivine is practically the only material 
consumed. With the use of olivine, moreover, it is un- 
necessary to separate lime and sulfates, both common 
impurities in competitive raw materials. 


= 
> ~ 
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The gases, HCl and steam, on leaving the decom- 
poser, are too hot to use at once in a strongly exothermic 
reaction with the ground olivine. They may be con- 
densed in conventional acid absorption towers and the 
resulting aqueous acid may be concentrated to the de- 
sired strength for the reaction, or they may be cooled in 
standard Karbate heat exchangers and the resulting 
gas-liquid mixture may be used directly for the work of 
decomposing the ore. 

The latter method is preferred because the consider- 
able expense of installing and operating a HCI absorp- 
tion plant would thus become unnecessary, the process 
would be simplified, and a much stronger acid would 
be obtained for the ore attack. The strong acid mix- 
tures resulting from hydrolysis of MgCl.-6H,O and 
lower hydrates are naturally much more potent than 
the comparatively weak 20° HCl solutions ordinarily 
employed for aqueous extractions. The presence of less 
water, furthermore, inhibits hydrolysis and yields more 
easily filterable solids for the all-important subsequent 
separations, and a leach filtrate, which is much denser 
and therefore requires less expensive evaporation than 
those derived from the dilute aqueous acid attack. 
These points are most critical in their importance be- 
cause the postwar magnesia industry promises to be so 
closely competitive that any item of investment or 
operational expense which can be saved or any other 
technical advantage gained must be utilized if survival 
of any particular development is to be expected. 

The use of sulfuric instead of hydrochloric acid for 
opening the mineral has also been considered because of 
the lower cost and greater ease of handling in commer- 
cial operations. Sulfur dioxide and trioxide react with 
moist, ground olivine with almost the same avidity as 
does HCl gas, and, in the presence of iron salts, which 
apparently catalyze the reaction, they yield only magne- 
sium sulfate as the water-leach product. The high 
decomposition range for MgSO, of 1050° to 1150°C. 
and the necessity of working with corrosive gases at 
such temperatures makes this idea rather unattractive 
for large-scale operation. The relatively low decom- 
position point, 750°C., of MgCl, for fast dissociation is, 
however, a definite advantage from the standpoint of 
convenience as well as of economy. 


ill. Other Magnesia Products and Uses 

During the early period of the war, refractory magne- 
sia was listed as a critically essential material; in 1943, 
its consumption was approximately 300,000 tons. The 
normal demand, however, in the prewar year of 1937 
was 139,000 tons, and of this amount 40% was imported 
according to the Minerals Yearbook. The magnesite 
deposits of Washington State furnished most of the 
domestic material, and this source will no doubt con- 
tinue to supply dead-burned magnesite and periclase 
although it is known that the higher-grade minable 
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material has been much depleted and that beneficiation 
is being used. Here again, ore dressing implies added 
costs which automatically permits competition from 
other sources of supply, especially if those sources are 
better placed geographically to serve the eastern and 
southeastern consumer markets. 

The war has also stimulated the use of caustic calcine 
or lower-temperature roasted oxide. The annual pre- 
war production of ten thousand tons has more than 
tripled, exclusive of its use in magnesium metal manu- 
facture. Much of this increase has gone into so-called 
Sorel cements for sparkproof marine and industrial 
floorings (interiors). 

There are many other uses for the pure and com- 
mercial grades of magnesia, among which are (1) 
catalysts in synthetic rubber manufacture, (2) mag- 
nesia-asbestos insulation products, (3) fertilizers, es- 
pecially in tobacce and potato culture, (4) base for most 
magnesia chemicals and pharmaceuticals, (5) filter 
media, especially for oils, (6) fused cements, glass in- 
sulators, glues, etc., (7) boiler-water treatment, and (8) 
rayon, leather, textile, and paper industries. 

Direct thermal reduction of pure MgO to magnesium 
metal by a modified Pidgeon or Hansgirg process is not 
an unthinkable eventuality for the future, nor is the use 
of MgO as the metal carrier in fused chloride baths* a 
possibility to be overlooked. 


IV. Summary 


A simple cyclic process for extracting the magnesium 
values from olivine or its offspring material, serpentine, 
has been outlined, which visualizes the delivery of MgO 
rather than anhydrous MgCl. The magnesia is pro- 
posed as the ultimate product not only because it en- 
joys a wider, more diverse market and can be pro- 
duced competitively but also because the manufacture 
of the chloride from brines and sea water for the pro- 
duction of metal is now so firmly established by well- 
known and strongly entrenched companies that it seems 
idle and unrealistic to recommend a further source of 
supply. 

With the advantages which olivine enjoys by way of 
location, volume, richness, and accessibility and also 
by reason of the ease and economy of this extraction 
process, the mineral should take its logical place eventu- 
ally as one of the most important sources of magnesian 
materials in this country. 


METALLURGICAL ENGINEER 
Norris, TENNESSEE 


3 (a) Y. Kato, ‘Electrolysis of MgCl, with MgO and C,”’ 
Jour. Electrochem. Assn. Japan, 1, 103-108 (1933). 

(b) R. Lloyd, ‘‘Pilot Plant for Production of Mg from 
MgO,” Amer. Inst. Mining & Met. Inst. Engrs. Tech. Pub., 
No. 1848, 25 pp. (1945). 
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MANUFACTURING 


CONTROL EMPLOYING X-RAY DIFFRACTION METHOD* 


By F. G. 


A method for the easy determination of particle size 
in ceramic raw materials employs the newly available 
Geiger-counter X-ray spectrometer. This machine 
automatically traces out the intensity distribution of 
diffraction maxima obtained from powder or flat speci- 
mens and both line position and intensity are easily 
evaluated. 

The powder sample is prepared by smearing on a 
microscope slide after mixing with a suitable binder; 
iron, copper or chromium radiation can be employed de- 
pending on the chemical nature of the sample. With 
suitable instrument adjustment, a well-crystallized ma- 
terial, such as powdered rocksalt, will produce diffrac- 
tion maxima whose intensity distribution is that of a 
line error function curve. 

A less crystallized material, consisting of a distribu- 
tion of particles with an average size below 1000 a.u., will 
produce a less sharp line whose half-width intensity in 
radians is greater than that from the standard material. 

The corrected value for half-width intensity of the 
unknown is obtained from equation (1). 


b, = Vb? — 62 (1) 


6b, = half width intensity maxima of unknown materials 
(radians). 

b, = half-width intensity maxima of well-crystallized ma- 
terials (radians). 


The Scherrer formula (equation (2)) is employed using 
a shape factor of K = 1.0. 


3 
b.cosé@ 


= avg. particle size (a.u.). 

= wave length of X radiation. 

= Bragg angle. 

= half-width intensity maxima (radians). 


Below 500 a.u. particle size, the probable error in 
measurement is less than that obtained by the electron 
microscope and the specimen preparation time is very 
much less. 

Particle-size control of raw materials is necessary 
where reproducibility and acceptance tolerances are 
required in fine ceramic bodies. The quality and dis- 

* Forty-Seventh Annual Program, The American Ce- 


ramic Society (Materials and Equipment Division, No. 14). 
Received July 26, 1945. 
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persion factor of pigments in glazes can also be con- 
trolled if accurate matching is expected from one batch 
to another. 

The constitution of fire glaze products as used for a 
refractory can have its composition expressed in rela- 
tive amounts of residual quartz, mullite, alumina, cristo- 
balite, and other minerals. The fundamental infcrma- 
tion regarding the crystalline changes that occur during 
firing can be predicted under carefully controlled 
laboratory conditions. From this information, it is 
possible to estimate the firing temperature required to 
fire commercial products. 

In the manufacture of opal glasses or household glass- 
ware, inclusions sometimes occur and are very difficult 
to track down. X-ray diffraction studies of the in- 
cluded particles will lead to a knowledge of the original 
defect and its elimination. 

In the study of glasses, the predominant type of 
bonding can be established. For instance, in the tetra- 
hedral bonding of silicate glasses, the simple law can be 
applied that the silicate atom in all silicates is tetra- 
hedrally bonded to four oxygen atoms at a distance of 
1.62 a.u. 

Low-angle diffraction diagrams taken of glasses give 
no evidence of discontinuities in structure which indi- 
cates that the glass structure is continuous. 

In the devitrification of glasses, the growth of the 
crystals is R,O-R,O;-SiO, and the rates can be measured 
by X-ray diffraction. It hasbeen shown that cristobalite 
is the precipitating phase. 

X-ray studies of glass give information only on 
average quantities and tell nothing about the fine de- 
tails of the structure. 

Steatite, on X-ray examination, will show many trans- 
formations on the application of heat and the addition of 
various fluxes. These various forms are intimately 
connected with the physical and chemical properties of 
the fired body and can be followed easily using the X- 
ray diffraction method. 

A study has been made of the distribution of con- 
stituent minerals of clays of diffraction particle size. 
It has been shown that the quartz and calcite increase 
while the kaolin and muscovite decrease in the coarse 
grades. 
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Corrosion of refractories in copper reverbera- 
tory furnaces, (3) 65. 

tests, laboratory, of rotary limekiln refrac- 
tories, (12) 357 

Crazing of enamels, deflection tests and data, 
effect of temperature and expansion, (10) 
277; expansiometer tests, (10) 278; 
effect of weight of application and metal 
gauge on rimbound specimens, (10) 280. 

of glazes, effect on talc-free bodies and on 
terra sigillata, (3) 75; see also Glazes. 

and shivering of glazed rods, relation of 
bending temperature to flint content, ex- 


pansion and contraction curves, (2) 56- 
58. 
Cryolite in opaline enamels, smelter batch, (3) 
in white molybdenum enamels, empirical 
formulas and smelter batches, (3) 81._ 
Crystals, growth of, in glass devitrification, 


X-ray diffraction for measurement, (12) 


363. 


Decoration, method of fitting design to object, 
(6) 164. 
of pottery, designs from come of Chal- 
colithic Age in Syria, 
relief design, cone 015 enamels for, (6) 170. 
Definitions, acids and bases, A (1) 9. 
binders, A (1) 25 
isokoams, (11) 314. 

Density, density-spread data on soda-lime- 
silica glass melts, (2; 42; density-distri- 
bution curves on glass homogenized by 
repeated cracking and remelting, (2) 47; 
see also Glass. 

Design, geometric, method for creation of, 
based on structure, (6) 156; elements of 
presentive graphic structure, (6) 160. 

Diaspore, migration of, data and photomicro- 
graph, (10) 274 

Dickite, migration of, effect on clays, 
and photomicrographs, (10) 271-72 

Dilatometer for expansion tests on ceramic 
tubes, (12) 331 

homemade, for thermal-expansion tests on 
Steatite tubes, (6) 169 

Dimensional coordination of building prod- 

ucts, method for, (8) 217. 
discussion on ‘‘freedom from fractions,”’ (8) 
226. 


(1) 22-24 


data 


2 
Dinnerware, hotel china body, glaze penetra- 
tion of rods, cone depression in initial 
bending, and effect of flux variations, 
tables, (2) 60-61. 
leadless glazes for, flux replacements in, 
(12) 343; physical properties, (12) 350 
vitreous china, cone 015 relief enamels for 
decorating, (6) 170 
Diopside, firing and fired properties, (5) 141. 
Mohs hardness and color at various tem- 
peratures, (5) 141. 
shrinkage, absorption, color, and hardness 
values, and thermal-expansion curves, (5) 
142-43. 
and wollastonite, properties of, with admix- 
tures of TiO:, and SiOz, (5) 137. 
Disannealing stresses in glass, permanence 
of, (10) 295; see also Annealing. 


Electron-diffraction method of identification 
of nickel alloy specimens, (11) 322. 

Electrostatic spraying of porcelain enamels, 
(5) 12 

Electrotechnical Laboratory, Bureau of Mines, 
tests on sillimanite concentrates, (8) 197. 

Enameled Utensil Manufacturers’ Council, 


standard thermal-shock test for porcelain 
enameled utensils, 


2) 36; 


impact resist- 
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Enameled Utensil Manufacturers’ Council Enamels, ground-coat (continued ) 


(continued ) 
ance of, relation of metal and enamel 
thickness and bottom radius, (4) 102; 
specifications for solubility test, (9) 232. 

Enamels, acid resistance, effect of acid solu- 

tions at room temperature, (9) 245-47; 
at boiling temperatures, (9) 249 

acid-resistant, clear, molybdenum in, em- 
— formulas and smelter batches, (3) 


acid-resistant surfaces, effect of acids on, 
) 255. 


(9 

acid-resistant, white ground-coats, formu- 
las, (3) 86. 

adherence, glass-iron mechanism of, (11) 
322-23 


otiepieen, relation to nickel flashing, (11) 

antimony white types, empirical formulas 
and smelter batches, (3) 

application. See Enamels, thickness of ap- 
plication. 

blue, chemical at and boil- 
ing temperatures, (9) 235- 

blue, sigm and zirconium cov my composition 
for chemical durability sfudies, (9) 233. 

borosilicate glasses, fluxing action of various 


oxides on, (2) 33 

chemical attack, summary of studies, (9) 
256. 

chemical durability at boiling tempera- 


tures (9) 249 
chemical composition for study, (9) 233. 
chemical solutions for study, (9) 234. 


effect of salt solutions, (9) 252. 
of ground coats at room temperature, 
curves, (9) 247 
at room temperature, effects of inorganic 
acids, (9) 235. 
sulfuric acid attack, photomicrographs, 
(9) 253-54. 
tests for, (9) 230-31. 
chipping of, impact-resistance studies, (4) 
5. 
clays for, aging vs. weight pickup, compari- 
son, (8) 208; effect of aging, (3) 213. 
coatings for resistors cored: with ceramic 
tubes, (12) 331; with pre-enameled steel 
tubes, (12) 333; with silicones, (12) 335. 
cover-coat, blue, white, and chemical acid- 
proof, chemical durability studies, com- 
positions for, (9) 233; effect of acid con- 
centrations, (9) 239-41. 
chemical durability studies at room and 
boiling temperatures, (9) 235. 
deflection value, effect of weight of coat, 
(10) 278 
reflectance of, effect of ground coats, (7) 
183. 
for steel tube coatings, composition and 
mill additions, (12) 334 
white, acid-resistant, formulas, (3) 88. 
white, antimony and fluoride types, loss- 
in-weight data, (9) 244. 
crazing of, deflection tests and data, effect 
of temperature and expansion, (10) 277. 
crazing, expansiometer tests and data, (10) 
278-79. 
crazing, rimbound specimens for tests, (10) 
275; effect of flatness traverses, applica- 
tion weight, and metal gauge, (10) 230. 
crazing on stove tops, service tests, (10) 275. 
deflection, effect of temperature and expan- 


sion, (10) 277. 
See Enamels, chemical dur- 
ability 


electrical leakage, volt-ohmmeter test, (12) 
330. 


electrostatic spraying process, (5) 121. 

expansion of split-ring expansiometer speci- 
mens, tests, (10) 278-79 

frits. See also Frits 


clear, enamel clays in, effect on reflec- 


tance, gloss, and gouging, data and 
curves, (8) 215-16. 

composition for chemical durability 
study, (9) 223. 


partially fritted samples, composition and 
mill batches, (3) 79 
for resistors, (12) 332 -33. 
white, reflectance tests turbidity 
method, (11) 327. 
fusibility, compositions for study, (2) 33. 
glass iron adherence mechanism, (11) 322- 
23. 


by 


gloss of frits, effect of clays in, data and 
tables, (8) 214-16 

gouging tests on frits, 
data and curves, (3) 


effect of clays in, 
214-16 


grain test for chemical durability, (9) 230. 
bubble structure of oe in, 
210-12 


ground-coat, 
photomicrographs, (8) 2 


clays in, firing Geapestesistion, photo- 
micrograph, (8) 209 
clays for, properties, (8) 207. 
effect of different concentrations of acids 
on, curves,(9) 236. 
frit, composition for chemical durability 
study, (9) 233. 
frit reflectance data, (11) 327. 
white, hard and soft types, formulas, (3) 
85; ordinary and acid-resistant types, 
(3) 86. 
impact resistance, relation of metal and 
as thickness and bottom radius to, 
(4) 10: 
on iron and steel. See Metals. 
loss-in-weight data, effect of acid solutions 
on surfaces at room temperature, curves, 
(9) 242. 
molybdenum, advantages of, (3) 82 
mill additions, (3) 78-79. 
typical empirical formulas and smelter 
batches, (3) 76-77. 
white, cryolite, fluorite, sodium fluosili- 
cate, zircon, and sodium meta-anti- 
monate types, empirical formulas and 
smelter batches, (3) 81-82 


white, for direct application on steel, (3) 


82; raw materials and mill additions 
for, (3) 84 
white, empirical formulas and smelter 
batches, (3) 80-81 
white, ground and cover coats, ordinary 
and acid-resistant, formulas, (3) 86-88 
non-acid-resistant surfaces, effect of acids 


on, (9) 255 

opaline, cryolite and fluorite types, em- 
pirical formulas and smelter batches, (3) 


porcelain, chemical durability, tests, (9) 
229; mechanism of chemical attack, 
summary, (9) 256. 


clays in, properties and uses of, (8) 206 
effect of alkalis and salt solutions, (9) 255. 
electrostatic spraying process, (5) 121 


utensils, impact resistance, relation of 
metal and enamel thickness and bot- 
tom radius to, (4) 102 
a standard thermal-shock test, (2) 
5 


pre-enameled steel tubes, vitreous enameled 
resistors for, (12) 333; test results, (12) 


prestressed specimens, thermal failure in, 
(10) 278. 

> effect of enamel thickness, (7) 

reflectance, tests on frits, effect of clays in, 
(8) 214-16. 

reflectance, turbidity method of determina- 
tion in white enamel frits, (11) 327. 


set, study of enamel clays with ground 
quartz, (8) 213. 

slips, flow time, modified Harrison consis- 
tometer for measurements, (5) 122; effect 
of clay content, (5) 125 

split-ring expansiometer specimens and 
tests, (10) 279. 


spot test for chemical durability, (9) 230. 


spraying process, atomization data, (5) 125. 

spraying process, effect of variations in 
oes gravity or water content, data, 
(5) 12 

on steel a iron. See Metals 

for stove tops, rimbound specimens, effect 


of center deflections and surface tempera- 
ture, (10) 279; data on flatness traverses, 
effect of weight application and metal 
gauge, (10) 280 

superopaque, tristimulus color curve for 
comparison, (7) 186. 

thermal-shock resistance, effect of thickness 
and temperature, curves, (2) 39 

thermal-shock test for porcelain enameled 
utensils,(2) 36. 

thickness of application, effect on reflect- 
ance, (7) 188 

thickness of application, effect on thermal- 
shock resistance, (2) 39. 


thickness of application, weight-loss data, 


(9) 231 

weight-loss test for chemical durability, 
(9) 23 

white. See also Enamels, molybdenum, 


white. 

white cover-coat, color variation in, effect 
of ground coat, (7) 18: 

white, reflectance of powdered frits, turbid- 
ity method for determination, (11) 326. 

Energy constants for measurement of ionic 

dissociation energies in crystals and 
glasses, (6) 149; relation to Periodic 
Table, (6) 150 


368 


Equilibrium in magnesium oxide-boric oxide, 
studies and phase-rule diagrams, (4) 97, 
(4) 100-101. 

Equilibrium index in annealing region for 
borosilicate-glass fibers, effect of increase 
or decrease of index, (1) 1-4. 


Feigl technique for qualitative analysis of 
common constituents of glass, spot tests, 
(1) 16. 

Fiber elongation method for glass softening- 
point tests, apparatus and procedure, (1) 


Fining ame of glass, method of measurement, 
(10) 282. 
Flint, calcined clay, and New York talc, 
cooking ware, effect of varying cannes 
on serviceability, (2) 72. 
in oo. effect on shivering and crazing, (2) 
56-58. 


Flotation, batch-flotation tests on South 
Carolina sillimanite schists, (8) 198. 
method for glass density measurements, (1) 
12 


of sillimanite, effect of tetrasodium pyro- 
phosphate, and effect of pH and oleic 
acid, curves, (8) 200. 
Fluoride frits, composition, for chemical dura- 
bility studies, (9) 233. 
effect of clays on reflectance, gloss, and 
gouging in, (8) 216. 
Fiworia) 356 in leadless glazes, effect on crazing, 
12) 3 
in smelter batch, (3) 77. 
Fluorite in white molybdenum batches, em- 
pirical formula and smelter batches, (3) 
1. 


Fluorspar, effect on fluxing action of SrO, BaO, 
and PbO, (2) 34. 

Fluxes for dinnerware glazes, lead replace- 
ments in, molecular formulas for plant 
tests, (12) 344. 

glaze, effect of penetration into various 
bodies, (2) 58. 

lead substitutes, oxides of barium, stron- 
tium, lithium, and bismuth and fluorine 
in, (12) 357. 

lithia-containing or nonlithia colors, effect 
on thermal expansion, color photographs, 
(7) opposite p. 192. 

for low-temperature borosilicate glasses, 
action of various oxides, test results, (2) 


Forsterite refractories, effect of porosity on 
slag penetration, (3) 67 

Frits, acid-resistant, white cover, compositions 
for chemical durability study, (9) 233. 

antimony, reflectance data, (11) 327 

antimony, zirconium, superopaque, and 
clear, enamel clays in, effect on reflect- 
ance, gloss, and gouging, (8) 214-16. 

enamel, molybdenum in, partially fritted 
samples, composition and mill batches, 
(3) 79; effect of molybdenum on white 
enamels, (3) 82. 

enamel, for resistors, composition, (12) 333. 

” for measurements, 
11) 3 

fluoride, clays in, effect on reflectance, gloss, 
and gouging, (8) 216 

ground-coat and superopaque, 
tions of clays in, (8) 208. 

ground-coat and white cover-cover, com- 
positions for chemical durability studies, 
(9) 233. 

opacity of, Beer-Lambert law for calculat- 
ing, (11) 327 

for plant test glazes, batch and molecular 
formulas, tables, (12) 348-49. 

white, reflectance of, turbidity method for 
measurement, (11) 326. 

zircon, reflectance data, (11) 327. 

Fuels, producer and natural gas and fuel oil 
2uous tank for handblown glass, 
(6) 155 

Furnaces, Globar, electrical, for measuring 
fining time of glass, (10) 282-83. 

glassmelting, for fining time tests, curves for 
melting area and rate in, (10) 286. 

glassmelting, for softening-point tests, dia- 
gram, (1) 5. 

glassmelting, tracing flow in glass tanks, 
effect of cerium additions, (11) 308-309. 

tanks, design and operation for hand-blown 
glass, (6) 151. 

for viscosity measurements of silicate-alumi- 
nate systems, (11) 311 


composi- 


Geiger counter X-ray spectrometer for par- 
ticle-size tests on ceramic raw materials, 
(12) 363. 


Geology, of the clay 
minerals, ( 1; see also Clays, clay 
minerals. 

Gibbsite, migration of, data and photomicro- 
graphs, (10) 272-74. 

Glass, Abbe value vs. refractive inden, effect 
of chemical composition, (11) 3 

abrasion of, relation to Ne Peay (5) 133. 
a: loss, effect of load and diameter, (5) 


acids and bases as glassformers and modi- 
fiers, application of Lewis theory, (1) 8. 

annealing strains in, degree of permanence, 
(10) 288. 

binary systems, effect of chemical composi- 
tion on relation of refractive index and 
Abbe value, (11) 306 

besgettente, effect of CaF: on fusibility, (2) 


borosilicate, fiber, variations of refractive 
index in annealing region, (1) 1. 

borosilicate, low-temperature, fluxing ac- 
wen of oxides in, factors influencing, (2) 


borosilicate, for pressed and thin blown 
ware, continuous tank for, design and op- 
eration, (6) 151. 

bottles, decorated and undecorated, ther- 
mal-shock tests on, (7) 190. 

bottles, pressure tests vs. thermal shock, 
data, (7) 191. 

ee analyses and fining-time data, (10) 


chemical composition and density changes, 
factors for calculation, (11) 303. 
chemical composition, effect on relation of 
refractive index and Abbe value, (11) 306. 
chemical composition, relation to abrasion 
hardness, (5) 133. 
chemical composition, simple dilution of, 
on density-difference factors, (11) 
O4 
color photographs, effect of lithia-contain- 
ing and nonlithi. fluxes on thermal ex- 
pansion, (7) opposite p. 192. 
—. soda-lime, continuous tank for, (6) 
51. 
colored and uncolored, simple tests for in- 
dentification of constituents, (1) 18. 
colors in, relative expansion curves, (7) 
193-94. 
constants for Na2O-SiO: system, (11) 307. 
constituents, qualitative spot test, micro- 
technique, (1) 16-20. 
corrosion products in tropics, (1) 32. 
and crystals, ionic dissociation energies in, 
measurement with energy constants, (6) 
149. 
density and composition (eam in, factors 
for calculation, (11) 303. 
density-difference factors, effect of dilu- 
tion of glass composition, (11) 304. 
density-distribution curves at different 
melting temperatures, (2) 44. 
effect of oxide substitutions in, (11) 304. 
and expansion studies at high tempera- 
tures, (1) 11. 
settling method and water-bath appara- 
for tests, (11) 297-99. 
deterioration, water attack, alkaline and 
acid attack, effect of fungi and other liv- 
ing organisms, (1) 32. 
disannealing stresses in, 
(10) 295. 
energy additivity in, (6) 149 
equilibrium index of borosilicate fibers in 
annealing region, effect of increase or de- 
crease of index, (1) 1-4. 
etched and unetched, microstrength of ball 
diameter and surface treatment, (6) 148. 
—- and specific volume factors, (1) 


permanence of, 


expansion, total, importance of fitting 
ceramic colors to, (7) 193. 


fiber, Anderegg tensile-strength data, (6) 
146. 

fiber diameter vs. tensile strength, curves, 
(6) 146. 


fining time, electric Globar furnace for 
tests, wiring diagram, (10) 282-83 

fining time, melting area in continuous fur- 
nace vs. temperature effect, curves, (10) 
286. 

fining time, relation of temperature and 
viscosity on, curves, (10) 285 

flow in tank furnaces, effect of cerium addi- 
tions, (11) 308-309. 

fungi deterioration in tropics, (1) 32. 

furnaces for. See Furnaces, glassmelting. 

Glass Container Association, standard 
disks for tests on annealing strains, (10) 
288; Preston discussion on disannealing 
strains, (10) 295. 

glassformers, acid and basic types, (1) 8 
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Glass (continued) 


hardness, abrasion, relation to composition, 
(5) 133. 

heat-treatment, effect on abrasion, (5) 136. 

homogeneity of, fiber-elongation method, 
curves, (1) 6-7. 

homogeneity of soda-lime-silica, effect of 
temperature, (2) 42. 

homogenized by repeated cracking and re- 
density-distribution curves, (2) 

lead, hand-blown, continuous tank for, de- 
sign and operation, (6) 151. 

Lewis acid-base theory, application, (1) 8. 

melting temperature vs. fining time, curves, 
(10) 285. 

microstrength, strength vs. fiber diameter, 
studies, (6) 145. 

microstrength tests, ball press for, (6) 147. 

microtechnique for nondestructive tests on 
glass samples, (1) 16-17. 

modifiers, basic types, (1) 8. 

opal, and household glassware, X-ray dif- 
fraction method for identification of in- 
clusions, (12) 363. 

optical, refractive index vs. Abbe value for, 
effect of chemical composition, (11) 306. 

optical retardation, tests on Glass Container 
‘standardized disks, (10) 

oxide abradability coefficients 
of, (5) 135. 

oxides in, substitution of various types, 
effect on density, (11) 304. 

a and surface-tension measurements, 
(1) 14. 

one readings on sample disks, (10) 


polariscopic strain pattern, thermal expan- 
sion, and thermal shock, relations be- 
tween, (7) 190. 

pressure-cone method for microstrength 
tests on glass fibers, (6) 147. 

production control, water-bath apparatus 
for densities measurements, (11) 298-99. 

Pyrex-brand, tubes, results of salt-water 
immersion cycling test, (12) 338. 

reactions, application of Lewis acid-base 
theory, (1) 9-11. 

refractive index vs. Abbe value, effect of 
chemical composition, (11) 306. 

refractive index, variations with time and 
temperature in annealing region, (1) 1. 

settling method and water-bath apparatus 
for density measurements and produc- 
tion control, (11) 297. 

soda-lime crystal, hand-blown, continuous 
tank for, design and operation, (6) 151. 

soda-lime-silica, homogenizing rate, effect 
of temperature, (2) 42. 

soda-silica, chemical composition of, effect 
on relation of refractive index to Abbe 
value, (11) 306; constants for, (11) 307 


soda-silica, density, surface-tension, and 
viscosity studies, (1) 11, 
soda-silica, properties at high tempera- 


tures, methods of study, (1) 11-15. 

soda-silica, specific volumes at various tem- 
peratures, curves, (1) 14. 

softening point, fiber-elongation method, im- 
proved apparatus and procedure, (1) 5 

strain mot applied color labels for control, 
(7) 

strains in, permanence of disannealing 
stresses, (10) 295. 

strontia vs. baria or lead oxide, as flux, test 
results,(2) 36. 

tank furnaces, flow measurements, effect of 
cerium additions, (11) 308-309. 

tanks, effect of temperature on homogeneity 
of soda-lime-silica glass, (2) 42. 

temperature control of density measure- 
ments, (11) 298. 

thermal-shock test, 
labels, (7) 189. 

transparency, effect of water attack, (1) 32. 

in tropical use, deterioration, (1) 32. 

viscosity, measurement at high tempera- 
tures, of system 
(11) 310. 

viscosity and temperature, effect on fining 
time, curves, (10) 285. 

volatile material losses, effect of time and 
temperature, curves, (2) 46 

volume measurements, sessile drop method 
and platinum test tube, (1) 12-13. 

water-bath apparatus for production con- 
trol, (11) 298-99 

water attack, effect on transparency, 


use of applied color 


(1) 32. 


Glass Container Manufacturers’ Association, 


standardized disks for optical-retardation 
measurements, (10) 288; Preston discus- 


sion of disannealing stresses, (10) 295 
Glazes, 


alkali-free, raw leadless, effect of 


ge 
See 
fe 
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Glazes, alkali-free (continued) 

and silica variations in, (2) 50- 

Bell and Koenig cited on relation of 
stress, flexural strength, and therm 
durance, (10) 275. 

for A ware, effect of variable amounts 
of N. 
serviceability, 
ware, 

crazing and shivering of glazed rods, rela- 
tion of initial bending temperature and 
flint content, expansion and contraction 
curves, (2) 56-58. 

crazing on talc-free bodies and effect with 
terra sigillata, (3) 75. 

flux-block tests, data and photo, (12) 355. 

flux variations in, effect on penetration, (2) 


(3) 72; see also Cooking 


glaze fit, effect of penetration of glaze, (2) 
2; crazing and shivering data, (2) 55. 
leadless, batch formulas, (12) 348 
boron-free, effect of varying oxide con- 
tent,(2) 48 
compression data, (12) 352. 
flux replacements, molecular formulas, 
and oxide replacements, plant tests, 
(12) 343-46. 
low-maturing, composition, (2) 51. 
low-fire mat, wood ash in, formulas and re- 
sults, (9) 261-64. 
overglaze colors and enamels, composition 
and test results, (6) 170-71. 
penetration, cone depressions in 
bending of rods, (2) 60. 
penetration, flux variations, effect, (2) 58. 
penetration, rod and ong tests and use 
spectrograph, (2) 53- 
spectrographic analyses, veut data sheet, 
(2) 55. 
on steatite tubes, effect on strength of, (6) 
stress in, method of determination, (6) 168. 
tests, autoclave, thermal shock, impact, 
chipping, scratch hardness, modulus of 
rupture, and glazed ring, methods and 
data, (12 5 


initial 


347 51. 
thermal-expansion data for vitreous and 
semivitreous bodies, curves, (12) 347. 

thermal expansion vs. serviceability on 
cooking ware, (3) 74. 

vellum-mat, leadless and zincless, 
replacements 12) 351, (12) 354, 
357. 


oxide 
(12) 


Halloysite, migration of, effect - neue, data 
and photomicrographs, (10) 2 
Halloysite clays, rammed mois- 
ture data vs. time, (3) 94. 
and sand-clay mixtures, tempering water in, 
effect on compression strength and bulk 
density, (3) 92. 
Hardness of glass, abrasion resistance, rela- 
tion to composition, (5) 
of wollastonite and diopside compositions 
at various temperatures, Mohs scale, (5) 
Harrison consistometer, modification, for 
measuring flow time of enamel slips, (5) 
2 


Hommel, O., Fellowship, study enatings 
for wire- wound resistors, (12) 329 

Homogeneity of glass. See Glass, homogeneity. 

Hospital ware, porcelain enameled, chemical 


durability studies, (9) 229; see also 
Cooking ware. 
Hotel china. See Dinnerware. 


Howatt porosimeter for thermal-shock tests 
° on ceramic tubes, (12) 331 

Hugill, Ainsworth, and Green, modified 
method for corrosion tests on rotary 
limekiln refractories, (12) 357. 

Humidity test for resistors, (12) 339. 

Hunter chromaticity diagram, revised, appli- 
cation to study of enamel cover coats, (7) 


187. 

Hydrogen-ion concentration of raw clays, 
data, (4) 114 

Hydrous aluminum oxides, effect of migration 
on complexity of clay, (10) 265. 


Illite clays, rammed, strength and moisture 
data vs. time, (3) 94. : 
and sand-clay mixtures, temperin 
relation to compression strengt 
density, (3) 93. 


water in, 
and bulk 


water content at maximum green compres- 

: sion strength and minimum bulk density, 

data, (3) 94. 

Indicators, potassium dichromate, for deter- 
mination of metallic iron content of sul- 
furic acid pickle solutions, (2) 62. 


Y. talc, flint and calcined clay on . 


Iron, metallic, in sulfuric acid pickle solutions, 
potassium dichromate method of deter- 
mination, (2) 62. 

Isokoms, viscosity constant lines of silicate- 
aluminate systems, (11) 315. 


Kaolinite, hydrothermal, migration, effect on 
and photomicrographs, (10) 
269-72. 

Kaolinite clays, rammed, strength and mois- 
ture data vs. time, (3) 94 

and sand-clay mixtures, tempering water 
in, effect on compression strength and 
bulk density, (3) 93. 

water content at maximum green compres- 
sion strength and minimum bulk density, 
data, (3) 94. 

Kaolin minerals, structure and physical prop- 
erties, (7) 176 

Kaolins, mineral compositions, heat of wet- 
ting, and permeability data, (4) 112-13. 

Kilns, rotary lime-, corrosion tests of refrac- 
tories for, slag composition and effect of 
alumina content, (12) 357-59. 

Kitchenware, porcelain enameled, standard 
thermal-shock test for, (2) 36; impact- 
resistance studies, (4) 102; see also Cook- 
ing ware. 


zes. See Glazes, leadless, 

Lead oxide in low-temperature borosilicate 
glasses, fluxing effect, (2) 33. 

Lewis + oe theory, application to glass, 
(1) 8. 

Lime-magnesia-alumina-silica system, viscos- 
ity data with 40% SiOz, (11) 314. 

Lime cylinders, pressed, for refractory corro- 
sion test, results, (12) 359. 

Limekilns, rotary, laboratory corrosion tests 
on refractories for, (12) 357. 

Liquids, bonding or adhesion between liquids 
and solids, mechanism, (1) 31. 

seer. in fluxes thermal-shock strength of, 


Lithia- strontia as lead replacements, effect on 

vitreous and semivitreous ware, (12) 356 
Lithium in formula for vitreous colors, (6) 170. 
Lithium fluoride in leadless glazes, effect, (12) 


Leadless 


356. 

Lithium oxide in dinnerware glazes as lead re- 
placement, molecular formulas and tri- 
axials, (12) 344-46, 


system, viscos- 
ity data with 40% SiOs, (11) 314. 
in olivine, serpentine, magnesite, dolomite, 
brines, and sea water, composition, (12) 
361. 
olivine as source, extraction process, and 
products and commercial uses, (12) 360. 
Magnesium oxide-boric oxide system, equilib- 
rium studies, (4) 97. 
in dinnerware glazes as lead replacements, 
molecular formula and triaxials, (12) 344- 
46. 
heating curve for, (4) 98. 
Masonry, coordination of, with metal win- 


dows, (8) 223; with wood windows, (8) 
224. 

Mat glazes. See Giases, low-fire; Glazes, vel- 
lum-mat. 


Metallic iron in sulfuric acid pickle solutions, 
poles dichromate method of determi- 
nation, (2) 62. 

Metals for electron-diffraction identi- 
fication, (11) 322 

for enamels, oxidation rate of base iron, 
effect of nickel coating and — nickel on 
oxide formed on iron, (11) 32 

pre-enameled steel tubes, aan coatings 


cored with, (12) 333 
Methods, Archimedes’ principle, application 
to study of NazO-SiOs glass, (1) 12. 


Army and Navy specification for wire- 
wound resistors, (12) 329. 

Beer-L ambert_ law for opacity of enamel 
frits, (11) 272 

Brénsted theory of acids and bases, (1) 8-9 

bubble pressure, for density calculations of 
molten glass, (1) 12. 

button-flow, for glass fusibility tests, (2) 
33-34 

cerium additions af glass for flow measure- 
ments, (11) 3 

color labels, Dane, for strain in glass, (7) 
191. 


corrosion tests on rotary limekiln refrac- 
tories, (12) 357. 

deflection, tentative standard, Enamel Di- 
vision, cited, (10) 277. 

density formulas for calculation, 
(11) 30 


369 


Methods (contined) 
electron-diffraction, for nickel alloy identi- 
fication, (11) 322 
electrostatic process of spraying porcelain 
enamels, (5) 121. 
eae test for deflection data, (10) 


fiber-elongation, for tests on borosilicate 
glass fibers, (1) 1. 

fining time for 
(10) 282. 

flotation, for glass density measurements, 
(1) 12; batch-flotation tests on silli- 
manite schists, (8) 198. 

Glass Container Association standard disk 
for measurement of annealing strains. 
(10) 288, 

for glaze penetration, rod and sag tests and 
spectrographic analyses, (2) 53-54 

grain tests, for porcelain enamel durability 
studies, (9) 230 


glass, measurement, 


Hugill, Ainsworth, and Green, modified, 
for corrosion tests on rotary limekiln 
refractories, (12) 357. 


Hunter shveupanbeity diagram, revised, for 
turbidity of white enamel frits, (7) 187. 
impact-resistance test for porcelain enam- 
eled utensils, (4) 104. 

Lewis theory of acids and bases, (1) 8. 

a Danielson cross-bend test cited 
( } 277. 

for microstrength of glass, (6) 145. 

microtechnique for nondestructive tests on 
glass, (1) 17. 

platinum test tube, for glass volume meas- 
urements, (1) 12-13 

potassium dichromate, for metallic iron con- 
cont of sulfuric acid pickling solutions, (2 
De. 

pressure cone, for microstrength tests on 
glass, (6) 146-47 

ring test for penetration of glazes, (2) 56-57. 

sessile drop, for study of glass volume meas. 
urements, (1) 13. 

settling wnt tor glass density measure- 
ments, (11) 

solubility test - Enamel Utensil 
facturers’ Council, (9) 232. 

spot test for porcelain enamel durability 
studies, (9) 230 

spot test for study of common constituents 
of glass, (1) 16 

——— law for study of glass properties, 


Manu- 


for stress in glazes, (6) 168. 
thermal-shoc test for glass, use of applied 
color labels, (7) 189. 


thermal-shock test for porcelain enamel 
utensils, (2) 39 
thermal-shock tests on resistors, Navy 


specification, (12) 330 
tumbling test for ceramic binders, (1) 28. 
turbidity, for reflectance measurements of 
white enamel frits, (11) 327 
volt-ohmmeter test for resistor coatings, 
(12) 330 

Micas, hydrous (bravaisite), structure and 
chemical composition, diagnostic proper 
ties, (7) 179-81. 

Microtechnique for qualitative spot tests for 
common glass constituents, (1) 17. 

Migration of clay minerals and hydrous alu- 
minum oxides on clay complexities, (10) 
265. 

Minerals and mineral relationships of the clay 
minerals, (7) 173; see also Clays, clay 
minerais 

Modular products, standard sizes of, (8) 222 

Mohs hardness, data on wollastonite and 
diopside compositions at various tem- 
peratures, (5) 141. 

Molybdenum in enamels 
molybdenum 

in enamels, typical empirical formulas and 
smelter batches 76-77. 

in white enamels, effect of increasing chemi- 
cal element content on properties, (3) 83. 

Montmorillonite, basa) plane surfaces of, re- 
lation of compression strength to temper- 
ing water, (3) 90-91 

clay minerals in group, structure and physi- 
cal properties, (7) 177; chemical analy- 
ses, (7) 179. 

clays, rammed, strength and moisture data 
vs. time, (3) 94. 

clays, sodium and calcium, water-film thick- 
ness data, (3) 90. 

migration of, data and photomicrographs, 
(10) 267-68. 

water thickness of, adsorbed on basal plane 
surfaces of, (3) 90. 

Mullite crystals in brick slag interface, photo- 
micrograph, (3) 69. 


See also Enamels, 


‘ 
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Navy specifications, reheat test for superduty 
refractories, use of sillimanite concen- 
trates, (8) 197. 

Navy thermal-shock and salt-water immersion 
test for wire-wound resistors, (12) 330. 

Nickel alloy specimens, electron-diffraction 
identification, (11) 322. 

Nickel deposition, control of rate of, (11) 319. 

effect on enamel adherence, 

) 317. 
Nontronite, migration of, effect on cla 


s, data 
and photomicrographs, (10) 268-69. 


Olivine as source of magnesia, extraction 
spots and chemical possibilities, (12) 
Opaline enamels, cryolite and fluorite types, 
oT formulas and smelter batches, 
Organic compounds, binders, in ceramic ma- 
terials, classification, (1) 25. 
Orton, Edward, Jr., Fellow Lecture, by C. S. 
Ross, minerals and mineral relationships 
of the clay minerals, (7) 173. 
Oxides, interatomic distances, 
Periodic Table, (6) 150. 
replacements in lead glazes, triaxials for, 
(12) 344-46 


relation to 


Pans, porcelain enameled, standard thermal- 
shock test, (2) 36; impact-resistance 
studies, (4) 102. 

Parachor and surface-t 
glass, (1) 14. 

Particle size of raw materials, X-ray diffrac- 
tion test method for control, (12) 363. 

Scherrer formula for estimation, (12) 363. 

Phase diagrams, system magnesium oxide- 
boric oxide, (4) 100; Toropov and Kono- 
valov diagram, (4) 101. 

Phosphates and silicates, energy constant 
values, variability in, (6) 151. 

Photelometer for turbidity measurements of 
white enamel frits, use and diagram, (11) 
326-27. 

Pickling, nickel flashing, procedure and re- 
sults, (11) 318-19. 

potassium dichromate method of determina- 
tion of iron content of sulfuric acid pickle 
solutions, (2) 62. 

Plastic clay bodies, effect of water content, (3) 

90 


ements in 


Plasticizers vs. binders, differentiation, (1) 25. 

Polarimeter readings on glass annealing 
strains, (10) 290. 

Porcelain enamels. See Enamels, porcelain. 

Porcelain tubes, physical properties, thermal 
shock and salt-water immersion cycling 

, failure and corrosion data, (12) 


Porosimeter, Howatt, for shock tests 
on ceramic tubes, (12) 33 

Potassium dichromate ee ‘for determina- 
tion of metallic iron content of sulfuric 
acid pickle solutions, (2) 62 

Potassium oxide and Na:O with SrO and Zn 
as lead replacements, triaxials and molec- 
ular formulas, (12) 344-46. 

Pottery in northern Syria during Chalcolithic 
age, technological development, (1) 20. 

Pressure-cone method for microstrength tests 
on glassware, (6) 146-47. 

Pyrophyllite body, glaze penetration of rods, 
cone depression at initial bending, and 
effect of flux variations, (2) 60-61. 


Quartz, ground, and clays in enamels, study of 
set characteristics ’s) 213 213 

Quartz glass for scratch plate for nondestruc- 
tive sampling of glass, (1) 17. 


Reflectance of cover enamels, effect of ground 
coats, (7) 183. 
of enamel frits, effect of clays in, (8)214-16. 
turbidity method of determination in white 
enamel frits, (11) 32 
Refractories, alumina content, effect on cor- 
rosion resistance, (12) 359. 
alumina, slag tests, (3) 67. 
chrome and chrome-magnesite brick, slag 
tests, (3) 71. 
and copper reverberatory slags, reactions 
between, (3) 65. 
fire-clay, slag-test results, (3) 67-68. 
forsterite, slag-test results, (3) 67-68, (3) 71. 
iron oxide penetration in slag samples, 
photomicrographs, (3) 69-70. 
magnesia, olivine as source, extraction proc- 
ess, (12) 360-61. 


Refractories (continued) 
aqqeastia, slag-test results, (3) 67-68, (3) 


porosity of, effect on slag resistance, (3) 71. 
rotary limekiln, laboratory corrosion tests, 
(12) 357; chemical and physical proper- 
ties of refractories in, (12) 359; test re- 
— with pressed lime cylinders, (12) 


silica, slag test results, (3) 67-68; effect of 
porosity, (3) 71. 
sillimanite concentrates for superduty brick, 
A. S. T. M., and Navy reheat specifica- 
tion for, (8) 197. 
Resistors, coatings for, volt-ohmmeter test, 
(12) 330. 


glass-coated, — wound, physical prop- 


erties, (1 2) 338 

salt-water amine cycling test results, 
(12) 338. 

tests: thermal shock and salt-water im- 
mersion, (12) 337; life and humidity, 
(12) 339 


wire-wound, coatings for, (12) 329. 
Ring test for glazes, body compositions and 
effect of flint on glaze stress, (2) 56-57. 


Salt-water immersion test and thermal-shock 
test, Navy specification, (12) 330. 

Sand-clay 1 mixtures, rammed, air-set strength, 

with sodium- and calcium-montmorillonite 
clays, compression strength and bulk 
density data, (3) 91. 

Scherrer formula for particle-shape analyses, 
(12) 363. 

Scum, chemical analysis vs. theoretical analy- 
sis of anorthite, (9) 259. 

Scumming of stoneware body, effect of alu- 
nite, (9) 256; mechanism of scum forma- 
tion, (9) 260. 

Semivitreous ware. See Viireous ware. 

Sessile drop method for study of glass volume 
measurements, (1) 12. 

Shivering of glazes. See Glazes, crazing and 
shivering. 

Sign blue cover enamels, composition, for 
chemical durability study, (9) 233. 

Slags, copper reverberatory, and refractories, 
reactions between, (3) 65. 

from rotary limekiln, composition, (12) 358. 

Silica in glazes, effect of varying content in 

boron-free, leadless types, (2) 48. 
—lime—magnesia—alumina system, viscosity 
data with 40% SiOz, (11) 314. 

Silicates and phosphates, energy constant 
values, variability, (6) 151. 

Silicone coatings for enameled steel resistors, 
(12) 335; thermal-shock and abrasion re- 
sistance, (12) 341. 

properly cured and cracked types, photos, 
(12) 337 

Silicone tubes, corrosion point, and cause of 
failure, photo and data, (12) 339. 

Sillimanite, concentration, pilot-plant flow- 
sheet, (8) 202. 

flotation test results, (8) 201. 

Sillimanite concentrates, various addition 

agents in, grade and recovery data, (8) 


199. 

Sillimanite schists, pilot plant tests, treating 
table concentrate by flotation, (8) 203; 
treating deslimed schists, sizing analyses, 
(8) 204. 

Soda-lime-silica glass. See Glass. 

Soda-silica glass. See Glass. 

Sodium fluosilicate in white molybdenum 
enamels, empirical formulas and smelter 
batch, (3) 81. 

Soci'um meta-antimonate in white molyb- 
daenum enamels, smelter batch and em- 
pirical formula, (3) 82 

Softening point of glass, fiber-elongation 
method, improved apparatus and proce- 
dure, (1) 5. 

Solids, bonding or adhesion pee liquids 
and solids, mechanism, (1) 3 

South Carolina sillimanite sohises. beneficia- 
tion of, (8) 197. 

Specification, Army and Navy, JAN-R-26, 
for wire-wound resistors, (12) 329; see 
also Methods. 

Spectrograph for glaze- ia analyses, 
method and data, (2) 54- 

Spectrophotometric curves of clays in clear 
frit, effect of weight on application on re- 
flectance, (8) 216. 

Spot test for glass, common constituents in, 
(1) 16; for porcelain enamel durability 
studies, (9) 230. 

Spraying of porcelain enamels, electrostatic 
process, (5) 121. 
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Steatite, X-ray diffraction method for test on 
transformation, (12) 363. 

Steatite body, glaze penetration of rods, cone 
depression in initial bending, we effect 
of flux variations, tables, (2) 

Steatite tubes, crackling in “shock 
test, (12) 332; results of salt-water 
immersion tests, (12) 338. 

strength of, effect of glaze, (6) 168. 

Stokes’ law, application a glass density and 
viscosity studies, (1) 1 

Stoneware, alunite as a ae of scumming on, 
(9) 256; mechanism of scum formation, 
(9) 260 

Stoves, crazing of enameled tops, service tests, 
(10) 275; rimbound test specimens and 
data, (10) 279. 

Strains in glass. See Glass, strains. 

Strontia as flux replacement in enamels, (2) 
33; vs. baria and lead oxide in low- 
temperature borosilicate glasses, (2) 35. 

Strontium oxide in dinnerware glazes as lead 
replacement, molecular formulas and tri- 
axials, (12) 344-46. 

in raw leadless glazes, effect of varying con- 
tent, (2) 50; effect in alkali-free glaze, (2) 


Structural materials, dimensional coordina- 
tion, American Standards Association 
Project A62, method for, (8) 217. 

dimensional coordination, freedom from 
fractions, discussion, (8) 226. 

Sulfuric acid pickling solutions, metallic iron 
content, potassium dichromate method of 
determination, (2) 62. 


Tableware. See Dinnerware; Glazes. 

Talc, New York, flint, and calcined clay, effect 
of varying amounts on serviceability of 
cooking ware, (3) 72 

Talc-free bodies, crazing effect in autoclave 
test, (3) 75. 

Talc wall tile, glaze penetration of rods, cone 
depression at initial bending, and effect of 
various fluxes, tables, (2) 60-61. 

Tanks, continuous, for hand-blown glass, de- 
sign, construction, and firing data, (6) 
151; fuels for, (6) 155; see also Furnaces, 
glassmelting. 

Tennessee Valley Authority, Chemical Re- 
search laboratory, corrosion tests of ro- 
tary limekiln refractories, (12) 357. 

Terra cotta, glaze penetration tests, cone de- 
pression at initial bending and effect of 
flux variations, (2) 60-61. 

Terra sigillata on talc-free bodies, effect on 
crazing, (3) 75. 

Thermal expansion of glazes, homemade dila- 
tometer fot measurements, (6) 169. 

Thermal shock, tests on porcelain enameled 
utensils, (2) 36; tests on steatite and 
electrical porcelain tubes, (12) 332; 
tests on silicone coatings, (12) 337. 

Tile, talc wall-tile, glaze penetration of rods, 
cone depression in initial bending, and 
effect of flux variations, (2) 60-61. 

Toropov and Konovalov, phase diagram and 
studies of magnesium oxide and boric 
oxide, (4) 101. 

Tremolite, shrinkage, absorption, color, and 
harduess values, and thermal expansion 
curves, (5) 142-43. 

Turbidity method for reflectance measure- 
ments of white enamel frits, (11) 326. 


Viscosity, of piieste-ciamtnate systems, iso- 
koms (11) 315 
of SiO: and Al:O2 melts, ead of effect of 
composition on, (11) 3 
of soda-silica glass, (1) in 
studies of system 
viscosimeter, (11) 
10-11. 
Vitreous bodies, chinaware, cone 015 relief 
enamels for decorating, (6) 170 
semivitreous rods, glaze penetration data, 
cone depression at initial bending, and 
effect of flux variations, (2) 60-61. 
Vitreous ware and semivitreous ware, leadless 
glazes for, flux replacements, (12) 343; 
thermal-expansion data, (12) 347; physi- 
cal properties, (12) 350 
test for resistor coatings, (12) 
30. 


Wetes-tae apparatus for production control 
ass, (11) 298. 

Water-filns thickness, data on sodium- and 

calcium-montmorillonite, at maximum 


green compression strength, (3) 90; at 
minimum bulk density, (3) 92. 
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Whiteware, raw leadless, boron-free glazes for, 
effect of oxide content variations in, (2) 
48; see also Dinnerware. 

Wire-wound resistors, coatings for, (12) 329. 

Wollastonite and diopside, properties of, with 
admixtures of TiO:, ZrOs, and SiOz, (3) 
137; fired absorption and bulk s — 
gravity data, firing shrinkage (5) 1 

firing and fired properties, physical om 

ties, (5) 141-43. 


X-ray diffraction method, manufacturing con- 
trol for particle size of ceramic raw ma- 
terials, (12) 363. 

X-ray studies on magnesium oxide and boric 
a compounds, equilibrium phases, (4) 


Zinc and strontium with Na:O and K:0 as 
lead replacements in glazes, molecular 
formulas and triaxials, (12) 344-46. 

zincless and leadless glazes, oxide replace- 
ments for vellum-mat glaze, (12) 357. 
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Zircon and porcelain tubes, salt-water immer- 
sion cycling test results and data, (12) 
338-41. 

in white molybdenum enamels, empirical 
formulas and smelter batch, (3) 81. 

Zircon frits, reflectance data, (11) 327. 

Zirconium cover enamels, blue, composition, 
for chemical durability test, (9) 233. 

Zirconium frits, enamel clays in, effect on re- 
flectance, gloss and gouging, Gate and 
curves, (8) 215. 
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Adam, N. K., structure of surface films on 

water, (1) 25. 
dams, L. H., and Williamson, E. D., anneal- 
ing of glass, (1) 2. 

Aldinger, causes and prevention of chip- 
ping of enameled cooking ware (boiling 
strength of enameled ware), (2) 37, (4) 
103; enamel chipping on rims and how 
to prevent it, (4) 103; specifications for 
enameled cooking vessels, (4) 102. 

Alexander, H. W., and Sheldon, R. S., nickel 
plating on iron by immersion, (11) 317. 

Alexander, Yosemne, ¢ Glue and gelatin, (1) 25. 

Alexander, L. T., Faust, G. Hendricks, 
B., Insley’ and McMurdie, H. F., 
relation of the clay minerals halloysite 
and endellite, (7) 175. 

Allen, V. T., mineral composition and origin of 
Missouri flint and diaspore clay, (10) 266; 
petrographic and mineralogical study of 
underclays of Illinois coal, (10) 265; 
petrography of weathered zones of glacial 
deposits, (10) 265. 

Allen, V. T., and Fahey, J. J., mansfieldite, a 
new arsenate, aluminum analogue of 
scorodite, occurrence at Hobart Butte, 
Oregon, (10) 2 

Allen, V. T., and Nichols, R. L., clay-pellet 
conglomerates at Hobart Butte, Lane 
County, Oregon, (10) 272. 

American Society for Testing Materials, 
standard method of hydrostatic pressure 
test on glass containers, C147-43 (7) 191; 
standard method of polariscopic examina- 
tion of glass containers, C148-43, (10) 
288, (11) 300; standard method of 
thermal-shock test on glass containers, 
(7) 190. 

somes G., physical testing laboratory, 
2) 37 

F. O. +» Strength of glass fiber, (6) 


A. L, acid-resisting cover enamels 
for sheet iron, (9) 230; Enamels, (2) 33, 


(2) 37, (8) 207, (9) 233. ; 
Andrews, A. I., Bole, G. A., and Withrow, 
J. R. making Cionhe brick and study of 
their are rties, (1) 2 
Andrews, A. I., and ‘Cook, ‘R. L., labo- 
ratory manual, (2) 33, (9) 2 


Andrews, A. I., and Dietterle, E w., effect of 
enamel on "strength of enameling iron, (4) 
103 


Andrews, C. M., review of tests for fineness 
and consistency of enamel slips, (8) 206. 

Athy, L. C., tin oxide comparison by General 
Electric color analyzer, (7) 183 : 

Audrieth, L. F., and Moeller, Therald, acid- 
base relationships at high temperatures, 


(1) 10. 

Austin, J. B., and Day, M. J., chemical equilib- 
rium and control of furnace atmosphere, 
(11) 325. 

Azarov, K. P., and Kharchenkova, N. S., de- 
termination of whiteness of enameled 
ware, (7) 183. 

Azarov, K. P., and Savchenko, V. I., resistance 
eae to acid under high pressure, (9) 


Babcock, C. L., surface-tension measurements 
on molten glass by modified dipping- 
cylinder method, (1) 14-15. 

Badger, A. E., and Harman, C. G., determin- 
ing density of molten glasses, (1) 12. 


Bailey, James, attempt to correlate some ten- 
sile-strength measurements on glass, (6) 


45. 

Baldwin, W. J., cleaning steel prior to enamel- 
ing, (11) 317. 

Barager, Arnold E., review of metal utensils 
for surface cookery, (4) 103 

Bardenheuer, P., and Brauns, E., equilibrium 
between iron and nickel and their silica- 
saturated silicates, (11) 325. 

Barringer, L. E., relations between constitu- 
tion of clay and its ability to take good 
salt glaze, (9) 259. 

Bartsch, O., true and apparent impact 
strength (of ceramic materials), (4) 109. 

Bell, W. Cc. study of glaze stresses, (6) 169. 

Bell, W. Cc. and Koenig, J. H., effect of glaze 
film on properties of a vitreous body, (10) 


Bernard, J., Btude de la decomposition du 
protoxide de fer et de ses solutions solides, 
(11) 323. 

Bichowsky, F. R., and Rossini, F. D., Thermo- 
chemistry of chemical substances, (6) 149. 

Binns, C. F., Manual of practical potting, (6) 
170. 

Blum, W., use of fluorides in solutions for 
nickel deposition, (11) 319. 

Boericke, W. F., methods of research newly 
applied to refractories, (3) 65. 

Bogatskil, D. P., reaction of niches! oxides with 
H: and water vapor, (11) 325; reduction 
of nickel oxides with Hz, (11) 325. 

Bogue, R. H., Chemistry | =e technology of 
gelatin and glue, (1) 

Born, M., aber die Devsatichtelt der Elec- 
trolytischen Ionen, (4) 111; Volumn und 
Hydrationswarme der lonen, (4) 111. 

Bound, M., and Richards, D. A., study of at- 
mospheric oxidation of metals and alloys, 
(11) 323. 

Bozsin, M. J., setting up pickling control labo- 

and method for testing solutions, 
(11) 317. 

Bradfield, Richard, inexpensive cell for purifi- 
cation of colloids by electrodialysis, (4) 
112; some chemical reactions of colloidal 
clay, (4) 110. 

Bradley, C. A., Jr., measurement of surface 
tension of viscous liquids, (1) 15. 

Br L., metals, (6) 145. 

Bratdwood, R. J., note on multiple-brush de- 
vice used by Near Eastern potters of 
fourth millenium B. C., (1) 24. 
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EDUCATION FROM PERIODICALS 


Are you acquainted with the vast amount of information which is pre- 
sented to the ceramic industry each month through the trade papers? You 
can keep up to date and at the same time acquire a liberal education in 
ceramics by reading the publications listed below. 


This is an imposing list. It covers all phases of the industry from the 
extraction of the raw material to the usage in the consumer’s home or plant. 
Reading these magazines will help you maintain your grasp of the industry. 


For Piant DEVELOPMENT, PRODUCTION, PERSONNEL, AND 
GENERAL News 


American Glass Review Ceramic Industry 
Better Enameling Enamelist 

Brick e° Clay Record Finish 

Bulletin of The American Ceramic Society Glass Industry 
Ceramic Age National Budget 


Ceramic Forum 
Clay Products News and Ceramic Record (Canadian) 


Y¥ For TEcuHNICAL INFORMATION 


American Refractories Institute Technical Bulletin 
Journal of The American Ceramic Society 
Journal of The Canadian Ceramic Society 


For Sares Marketinc News 


China and Glass 
Crockery and Glass Journal 
Glass Digest 
Retailing-Home Furnishings 


All of these magazines and those of foreign countries are reviewed for you 
in Ceramic Abstracts of The American Ceramic Society so that you can locate 
the references to the interesting originals of all articles. 
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